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ABSTRACT 
The brickearth of southern England is a spatially extensive cover of 
- Quaternary clays, silts and fine-sands that mantle the underlying Mesozoic strata. The 
provenance of the material has been subject to widespread debate with many models 
having been developed by previous workers 
Based on the results of both geochemical tests and geotechnical tests this 
research shows the brickearth to be from a single source, and trends identified within 
the geochemistry strongly suggest that this source lies to the east of the current 
brickearth outcrops. Scanning electron microscopy identified two surface textures 
indicative of two different transportation modes. In quartz grains finer than 20ogm 
surficial. features consistent with aeolian suspension load were observed. However, in 
grains greater than 200pm the surface textures were consistent with fluvial or aeolian 
saltation load. All the evidence implies a single source for the brickearth and that this 
source lies to the east of the British Isles. Given this evidence and the surficial. 
textures of individual grains it becomes apparent the brickearth of southern England is 
a reworked loess and as such the term loess should be used when describing these 
aeolian deposits. 
It is widely known that loess deposits exhibit metastable behaviour and can 
collapse upon saturation. To test the collapsibility of the brickearth a series of 
oedometer tests were performed on samples from Portsmouth, Hampshire. These 
tests revealed a moisture content below which collapse occurs. Using the principles of 
unsaturated soil mechanics it was possible to develop a model to predict the 
behaviour of the material based on the applied load and the moisture condition of the 
material. Given the reworked condition of much of the brickearth it is has been 
considered as stable, the results of the current research show that this is not 
necessarily the case suggesting that a process of "loessification! ' must occur to allow 
an open structure to form, a prerequisite for collapse to take place. Therefore, much 
of the hitherto stable brickearth may indeed possess the ability to collapse given the 
right environmental conditions. 
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Chapter I Introduction 
1.1 Introduction 
This research considers some of the problems associated with the spatially 
extensive silty-drift deposits known colloquially as the brickearth, with particular 
attention to the problems of provenance and the Geotechnical properties of this 
material. 
The term brickearth refers to the materials' suitability in the manufacture of 
bricks, this has inevitably led to a wide range of engineering soils, of differing origins, 
being termed brickearth purely on this suitability criterion. This research deals only 
with the Quaternary silt-rich deposits which mantle much of the underlying Mesozoic 
strata of southern England. The use of the term brickearth is controversial (Gibbard, 
1998), but it is the terminology that is generally recognised within the ground 
engineering community, and the name that appears in many of the current British 
Geological Survey (BGS) maps and memoirs, and therefore will be used in this 
research. However, not all these silt-rich drift deposits are termed brickearth, in some 
areas previous workers have thought it fitting to use the term "loess" to describe this. 
material. The use of this descriptor implies a very specific depositional history 
(aeolian transportation) and whether this is the case or not will be fully investigated 
later in this research. For the sake of continuity both the terms brickearth and locss 
are used, generally following the terminology of previous workers. Deposits that have 
been previously referred to as loess, i. e. the Lizard loess (Roberts, 1984) will continue 
to be so, as will those deposits termed brickearth i. e. the Essex brickearth 
(Northmore et al., 1996). It must be stressed that the use of this nomenclature does 
not infer any difference in the genesis of the material, but, as stated earlier, is purely 
for historical continuity. The conclusions of this work make clear the authors' 
terminological preference on the basis of this research. 
1.2 Geotechnical Pmbleum Associated with Fine-Grained Soils 
In the context of tI& research the term fine-grained soil refers to those soils 
that contain a high percenta-ze of silt-size particles (2-60gm. ) and not to clay soils 
where the domirant partick size is in the sub 2PM range. The principal geotechnical 
problem associmed with dr-se soils is collapse, Le. an appreciable change in the 
volurm of a pamially satura: zd soil upon imundation with water at constant load, 
k-ad-;,?:,. z to the te-m =tastkie being used in the literature when describing these 
deposits. 
There is a wealth of -esearch conceming this process, carried out mainly on 
the mensive Eurasian loes: - deposits. A brief review of some of the key works is 
carritj out in tbe followine -_; ection. 
1.2.1 CoflapsiHity of fine-pained soils: a worldwide perspective 
In geneml terms, colapse is understood as a large compressive deformation in 
a soý --esuking i%im a brea--'i in soil skeleton equilibrium (Lefebvre, 1995). Prior to 
coll=se the she resistanct is sufficient to support the stress state existing in the soil 
at a ven poros: ry and voiý ratio. Furthermore collapse generally occurs at constant 
stress or, at a cýompressior -: hat is disproportional to the increase in stress. 
Feda (I c*ý5) used F -wofold approach of micro- and macro-mechanical 
anames. The racromechmical approach dealt with the phenomenological quantities 
such 2s stress and stiain, u-1--flst, the micromechanical approach looked at the role of 
the iodividual s=ctural elements and fabric within the soil element. Feda (1995) 
ider±ded manx different p'r. rxesses that would lead to collapse of a metastable soil 
ggested that the typeand magnitude of collapse event, that would occur, was and Kw 
intir=ely connected to what he termed "state parameters". These parameters 
incluze: stress, moisture c=ent, time and porosity. Together they define a set of 
boundary/mitern-al conditio: s within -. %-hich the structure in question can exist. 
Varizfion of one or more e, these conditions will cause the soil to adjust to reach 
equEbrium under the ne, % z-onditions. This adjustment may involve the transition of 
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the soil from one structure to a new, more stable configuration and as a result may 
lead to collapse. 
Amongst the most important of these controlling parameters is the moisture 
content A rapid influx of water is generally the cause of collapse seen in the extensive 
loess deposits of China and central Europe. This has led to various terms such as: 
hydroconsolidation, hydrocollapse, hydrocompaction, sagging, settlement, 
collapsibility and soil structure collapse being used to describe this specific mode of 
collapse behaviour (Rogers, et aL, 1994). 
1.2 LI A review ofthe early research into collapsibility offine-grained soils 
One of the earliest references to collapse of loess due to wetting and loading, 
hydroconsolidation, appears to be that of (Denisov, 1940 cited in Rogers et aL, 
1994). Denisov (1940) suggested that the collapse of the silt-loams, of eastern 
Ciscaucasia is strong evidence of the aeolian origin of this material. The concept of 
diagenetic loessification was introduced by Berg (1964). Berg proposed that an open 
structure, a loessic structure, could be produced after deposition and cited cases of 
alluvium which had undergone this transformation to an open structure, a prerequisite 
of collapse. Holtz & Hilf (196 1) also recognised the phenomenon of subsidence 
occurring in soils of both alluvial and colluvial origin. The subsidence of the 
weathering products of granite in South Africa, after a period of heavy rainfall, was 
described by Brink & Kantey (196 1). Feda (1966) observed a similar process in 
decomposed gneisses of northern India. lFherefore, it is evident that this process is not 
unique to loessic deposits although the majority of published work does concern the 
collapse of aeolian materials. 
The greatest wealth of early research in the collapse phenomenon is from the 
former Soviet States and other eastern European countries (Rogers, et aL, 1994). 
However, the majority of this published work is not available in a translated form and 
it is only relatively recently that research material from these areas has become 
generally available to researchers in the west (Smalley et aL, 2003). Feda (1966) 
recognised two main conditions that had to be fulfilled for subsidence to occur. The 
frst of these parameta-s was a sa5ciently high porosity to allow densification to take 
piace, a critical porosky of %> 40% being stated. The second, that the external 
suesses mu-i be suffi&ntly high: a cause the structural collapse of the soil. 
Handy (1973) -, ecognised -: he role that the degree of saturation has on the 
shear streneth of a sol He defined collapsibility as a state of underconsolidation 
related to the apparers cohcsive szength of perennially unsaturated soils. 
Furthermore- he states that if thes! soils ever become wetted so that their apparent 
cohesion is no longer sufficient to hold the grai in support of the external stresses, 
the soiI stnx-ture collzpseS and be-zomes normally consolidated. Handy (1973) 
calculated the ratio liquid Ihnit/sxuration moisture content for samples of Iowa loess 
based on the earlier -Akirk of Gibbs & Bara (1962), and found for the Iowa loess 
values of this ratio were analogous to that of the factor of safety with values <1 
indicating instability. 
Knoiel, (19811 again recc-, ý, the importance of an open structure and the 
zssociated tigh porosýry. He also states that the material should be buried with a 
-moisture 6eficiency- and sufficient intergranular strength to support the overburden 
pressure. He postulates that these soils can only exist in semi-arid regions where 
water percolation rarth- exceeds : epths greater than the root zone. Yang (1989) also 
zzated that : he most important recuirements for loess collapse were sufficient 
collapsible srace allied with a cenain amount of interparticle bonding of the type that 
would weaken upon wetting. Ya--,, studied the distribution of pore spaces in samples 
, -., f Lanzhou loess and z-alculated --: ý-e collapsible space to be in the region of 80%. He 
divided the constitueri particles rso groups based on their size. He concluded that 
gains >I Opn comprziý the frame element and made up about 70% of the loess, 
grains <2pm were essentially the -ementing agent, Whilst all the rest of the particles 
were termed the filling element The cementing agent mineralogy was determined as 
calcite 20-3-00/6, mon rilEmite < 1%, Me 40-60%, chlorite 9-16% and kaolinite 6- 
10%. Based on this analysis Yang divided the bonding into two types: that which is 
not affected by water ie. calcite lionds, and the flocculated clay bonds. When a 
Ilocculated clay bond comes into -ontactuith free water, the thickness of the electric 
double layer of its co3oidal partieks increases because of the diffusion of the 
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flocculent ions. Similarly the thickness of the hydrous membrane also increases, so 
that the strength of the bonding between the colloidal particles decreases or in some 
cases vanishes completely. 
Yang's description of the processes that take place is broadly in agreement 
with most of the current research. Research to date has concentrated in more detail 
on quantifying these micromechanical variations in bond strength. The increased 
interest in unsaturated soil mechanics has allowed the variation in the shear strength 
to be calculated and the effect of innundation quantified. This and some of the other 
processes introduced in the previous section will be more fully described later, as the 
behaviour of the brickearth is discussed. 
1.2.2. The collapse of fine-gained soils: the British Isles perspective. 
In the previous section the growth of ideas and theories concerning the nature 
of the collapse mechanisms affecting fine-grained soil were discussed. Hardly 
surprisingly little of this research was carried out on sites in Britain. This is almost 
certainly due to the fact that deposits of aeolian silts attain greater thicknesses and are 
more easily recognised in other areas of the world than they are in England. In actual 
fact the earliest research into the collapse phenomenon was that of Fookes & Best 
(1969). In their conclusions they state that metastable soils occur in southeastern 
England and that these soils were deposited in periglacial environments associated 
with the Quaternary. They go on to suggest that as periglacial soil formations are 
common in southern England that it is reasonable to suspect that this sort of 
metastable behaviour will occur in other materials, at other localities. 
Derbyshire and Mellors (198 8) carried out a comparative study of brickearth 
and loess deposits in England and China. They carried out a series of geotechnical 
tests on samples from seven sites in southeast England. Amongst these tests was a 
series of oedometer tests to assess the collapsibility of the brickearth. They described 
the results of these tests in terms of the collapse factor, F, where: 
R= change 
ia thicimess of specimen on flooding 
tSdmess of specimen immediately prior to flooding 
A pmcis of themsults of teir analyses are shown in Table I. I., unfortunately no grid 
ref--, nces of -qunpUmg poiats were recorded 
in the ori&W work. 
She I Ink-W void ratio Load at flooding (kN/m) Collapse factor (M. ) 
FxJ 
1 
0.8.0 0 -1.7 (swelling) 
0.9:! 25 0.4 
O. -fa 100 1.7 
0.7-i 200 3.8 
Na-ýhfleet 
1 
0.611 200 2.3 
0.1: 0 400 5.5 
R----alver 0. E: 711 25 -0.2 (swelling) 
O. f. 4'7 100 1.0 
0.653, 200 1.8 
Pegivel. l Bay 0.6U 10 -6.5 (swelling) 
O. tZ6 100 0.8 
O. f: 7 400 2.9 
Peg*eU Bay- 600 4.4 
bir-'ed channeý 0- -ý 
2400 6.1 
P, i---: Farm quxr; 0.8: 3 200 2.0 
1 01-4 1 400 1 6.4 
TaS'e 1.1 Resits of the -, r,, estigation into the collapse potential of some SE 
bricýearth (qiv- Derbyshire & Mellors, 1988). 
The r--qllts fromtese studies confirmed the earlier work of Fookes & Best 
(1969) attesting to the co2apsibility of these sih-rich soils, provided the applied load 
is lzrge enougý to overcome the s%elling pressure resulting from the rehydration of 
thedays. InTzestinggly, Derbyshire & Mellors (1989) descnibe the samples from the 
biried cbanneý deposit a:, -; oUflucted, this implies that even considerable reworking 
dc,. s not elimimte the mmistable bebaviour of the brickearth, or a process of 
6 
dedensification must be occurring subsequent to the solifluction event. 
Mellors (1995) reported the results of an earlier study (Mellors, 1978) on the 
geotechnical properties and in particular on the processes involved during the collapse 
of loess from Pegwell Bay. During this research air-dried samples of loess were 
tested in an oedometer and flooded with a variety of different liquids (Table 1.2). 
Flooding medium n 0 od i I Load 
(kN/m) 
Dielectric constant 
of flooding medium 
Collapse response & 
(relative magnitude) 
d S Sodium Hexametaphospate iu m 0 200 not reported collapse (1=) 
In Calcium Chloride 
[ 
- 200 not reported collapse (2=) 
Acetone 200 20.7 collapse (2=) 
Carbon tetrachloride 200 2.28 Small collapse (3) 
Deionised water 200 
1 
80.4 collaELe (1=) 
Table 1.2 Results of a series of "special " oedometer tests (after Mellors, 1995) 
Mellors (1995) described the process of collapse of the air-dried samples in 
tenns of repulsive and attractive forces. The introduction of a fluid into an air-dried 
sample causes the clay particles that form the "clay bridges"9 which maintain the open 
structure, to rehydrate. This rehydration of the of the clay minerals caused the 
expansion of the diffuse double layer and a decrease in forces of attraction between 
the individual particles. Sodium hexametaphospate is used to disperse argillaceous 
material in the laboratory, it is effective in doing this because of the adsorption of the 
polyphosphate anion which increases the double layer and reduces the strength of the 
previously flocculated clay bridges. As with the water the decrease in the strength of 
the intergranular bonds means that the shear stresses at the points of contact are 
greater than the shear strength and coflapse is initiated (MeUors, 1995) 
The Pegwell Bay loess contains calcium carbonate. To ascertain if any of this 
calcium carbonate acted as a cementing agent calcium chloride solution was used as 
the flooding medium. This would inhibit the breakdown of any calcium carbonate 
cementation. Mellors (1995) stated that collapse still occurred rapidly indicating that 
bonding was largely if not wholly due the clay bridges in the material and their 
associated suctions.. 
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Mellors (1995) goes an to explain the collapse of the material as a process of 
microshearing at the points af contact. He states that prior to flooding the 
inter=ular bonds were sufficiently strong to resist shear failure. The introduction of 
water results in a decrease in the shear strength of the clay bonds such that the shear 
stresges at the coutact poi=, now exceed the shear strength and collapse occurs. 
A fabric malysis of bess deposits of the Pegwell Bay material, using 
magwtic suscepubility anisciropy, was carried out by Butcher (1988), this post-dated 
the prvious geccechnical a: Praisals of the material. This simple non-destructive test 
jdentý5es variations in the =agnetic susceptibility of a material. Such anisotropy in 
natur-I samples = be causýd by several processes but in softer sediments are due to 
the sLiVe or cn, -; zzalhne stru. -ture of the 
ferromagnetic minerals within the samples. 
Magnetic fabric -I;. usually &6ned in terms of the principal components of the 
susee. -N-bility el L-, -soid K,,,, K,. and Y,,,., which is the summation of the magnetic 
S -_ ibility of A the indT%-A: ual mapetic grains. usee a 
K. the axis of the susceptibility ellipsoid corresponding to 
the direction of maximum susceptibility. ie the long 
axis 
K,., the axis of the susceptibility ellipsoid corresponding to 
the direction of minimum susceptibility. ie, the short axis 
1ý. the axis of the susceptibility of the axis corresponding to 
the direction of intermediate susceptibility 
The net shape of t1r ellipsoid strongly reflects the shape of the magnetic 
graini within the sample (Tzling & Hrouda, 1993). If K. = K., = K. then the 
ibility eff; psoid wod'd correspond to an average spherical shape for all the susce-rd 
grairs in the sa=Vle, and the sample would be isotropic. The orientation of the 
mag3ýtic grains nd their sýape can be used to determine the processes that have 
affec.:. -d the ma: xnal. Butcher (1988) concluded that the loesses of Pegwell Bay had 
been meworked h an aqueo: s regime, thus again highlighting that metastability can 
exist even after considerab. 7c reworkiniz of the sediment has occurred. 
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To the north of the Thames Estuary the geotechnical properties of the Essex 
brickearth have also been examined (Northmore et al., 1996). Using the coefficient of 
coflapse, C., (Feda, 1966,1988), the same criteria used by Fookes & Best (1969) 
and the same as the "CoUapse Factor" of Derbyshire & MeUors (198 8), Where: 
Ah 
cmi = *T (1.2) 
Metastable soils are considered to be those which undergo more than 1% 
change in height upon flooding. Eight of the soils tested had values of C., greater 
than 0.01 indicating them to be potentially metastable. Upon flooding a rapid intake 
of water into the pore-spaces was noted, and Northmore et al. (1996) considered that 
this may be the cause of the speed with which collapse occurred. They postulated that 
the rapid influx of water in the direction of flooding may lead to a reorientation of the 
soil fabric and create drainage paths allowing the free-flow of water through the 
sample. 
Using the collapse index ý (Feda., 1966) and plotting ý against C. 1, where: 
PL 
Pi 
They found that Feda's criterion that ý>0.85 was erroneous for the Essex 
brickearth. Six of the eight samples identified as being metastable had collapse indices 
less than 0.85. In fact to identify the metastable samples of south Essex brickearth a 
value for ý of 0.22 was necessary. 
The previous research into the collapse potential of the silt-rich soils of 
southern England has demonstrated that even after reworking many of these soils 
maintain or develop a sufficiently open structure to allow collapse to occur. It also 
demonstrates the dangers of using previously developed collapse criteria and applying 
them to materials of markedly different depositional and post-depositional history. 
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13 Historic Development of Ideas Concerning the Provenance of the Brickearth 
of Southem Engbnd 
There has bng been a debate concerning the provenance of the spatiaUy 
extensive silts, claýý-silts and sandy-sihs which mantle much of the underlying solid 
geology of southem England. To understand how the current ideas have developed a 
brief rniew of the previous resemh is required. 
A sim1mity. between -kime of the brickearth and the loess of continental 
Europe was first amiced by D*. Archaic (183 9). The early workers in this area (e. g 
LyelL 1852) suggested a flminl origin fbr the brickearth based on their experience of 
the loess of westem Europe which at the tftne were also considered to be of fluvial 
origin. Since theseearly workm many other theories as to the origin of the brickearth 
have bem expoun6ed- These earlier theories included: 
SoRfluction and collu%ýation under periglacial conditions (Wood, 1882) 
Colluviatic-n under ter-perate conditions (Geficie, 1905) 
Sheet flooag under wet condition of pre-existing loamy deposits 
i-Edmunds. 1948., Dixs et el., 1954). 
Various or-lions as to the origin of brickearth were summarized by Dines et 
al. (1954). Some of the bricle-arth of southern Britain have been regarded as in situ 
aeolian deposits i-- a prirnar:. - loess. Dalrymple (1960) concluded that much of the 
brickearth of Kemr :o be loess ý sensu stricto). However, Smart et aL (1996) 
recognising the sinlarity in the occurrence of the brickearth to the stoney head 
deposits in the C=erbury arm. concluded that the material could not have been wind 
transported. They , -: o on to mognise similarities between the mineralogy of the 
material to that of : he adjace= drift deposits. The presence of these drift deposits, at 
a higher elevation. leads themt -o suggest solifluction as the main transportive agent. 
Although this may be a valid zo gument fbr the formation of the brickearth of 
southe3stern. Enghnd, it ca t be true of the material found in Cornwall, an area 
where extensive pe! ýost/p. -nglacial conditions were absent (Hutchinson & 
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Thornas-Betts, 1990). 
Coombe et al. (1956) were the first to recognise the loess of Cornwall. They 
found that the mineralogy of the loess could not be explained by the weathering of the 
underlying serpentine. The presence of large amounts of quartz in the Cornish 
material would have to have been ftwiVorted from outside the immediate area, as 
serpentine is an ultra-basic rock type and therefore contains no quartz. Catt & Staines 
(1983) carried out a study of the loess and based on the mineralogy and the grain size 
analyses concluded that the source for the Cornish loess to be the glacial outwash in 
the Irish Sea and, to a lesser extent, the North Sea. Roberts (1984) suggested the 
term Lizard Loess for the silt-deposits of Cornwall. On the basis of lithology and 
depositional environment Roberts (1984) recognised two facies within the loessic 
material (Table 1.3) 
Loess facies Description 
A massive loess facies has a texture, colour and silt content typical of classic 
loess. It occurs on flat surfaces where solifluction activity was not 
pronounced, and where there was little post-depositional erosion of the loess. 
2A loess-head diamict formed where the loess was deposited on geliflu 
lobes flowing down steep slopes 
Table 1.3 The loessfacies of Cornwall (after Roberts, 1984) 
Roberts (1984) concluded that the loess deposits of Cornwall are evidence of 
the widespread distribution of loess in southwestern England. 
In Devon the presence of silty-drift deposit were first noted by Harrod et al. 
(1973), who showed that the deposits were mineralogically uniform and concluded 
that they represented a single episode of loess deposition. Cattel (1997) identified a 
yellow silt layer at sites where both the underlying bedrock, and the bedrock upslope 
from the site, was Permian Breccia, which produced a distinct reddish brown soil 
upon weathering. On the grounds of its low plasticity and mineralogy Cattel (1997) 
concluded that the yellow silt layer was composed primarily of loess with a small 
fraction of locally derived material. 
With the increased mapping of soils (engineering and agricultural) over the 
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goes on to say that on the Chalk of southern England it is ubiquitous. Furthermore he 
states it is likely that a 1-4m cover existed south of the Devensian ice limit, but 
-, -arious post-depositional proces, -zes, as a result of the wetter climate 
in Britain than in 
continental Europe, Ins led to rmch of this cover being reworked and eroded, an idea 
also suggested by Derbyshire &'-kfellors (1988). The source of this extensive cover 
be believed to be the saltated secEments of the exposed North Sea floor. 
In conclusion it has only recently become apparent the fuU extent of the silt 
drift deposits of soutbern EnglaaL It is generally agreed that these deposits represent 
the remnants of a once far more extensive, both laterally and vertically, deposit. The 
material has undergoDe some poss-i-deNsitional reworking but evidence suggests that 
metastabiBy of the =erial is eiCaer preserved, or a process of dedensification affects 
the material after the reworicing. Finally, the source of the material is subject to some 
debate, it being considered both 3s a flood deposit, an aeolian deposit and a 
weathering product of the under)ýýg bedrock. 
1.4 Reseanh Rationale 
The ahns of this research were to investigate some of the key aspects of the 
brickearth of southern England. Specifically, it was aimed at investigating the 
metastabay of the n: aterial and -he assessment of its collapse potential, and at 
clarifying some of the issues conwerning the provenance of these extensive fine- 
arained maierials. Each of these -2ims was to be achieved by utilising the results of a 
suite of laboratory testmg. Firstly the collapse potential of the brickearth would be 
assessed 1ý%- carrying out pedom; rer and shear strength testing on undisturbed samples 
from sites in the Ha . shire 
Basii Having identified samples where collapse 
behaviour is prevalent an irrvestization into the effect of differing material moisture 
contents would be conducted. By utilising unsaturated soil mechanic's theories, shear 
strength predictions jbr the material at differing moisture states would be undertaken, 
and these predictive N-alues verifed by carrying out a back analysis of the oedometer 
test resuhs,. which would allow the identification of a critical moisture content below 
which collapse beha-6our mvuld occur. After undertaking a rigorous statistical 
analysis of the results a graphical representation of the collapse potential of the 
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Portsmouth brickearth would be constructed. This will allow the stability of the 
brickearth to be determined given the moisture content and a knowledge of 
overburden pressure. It is hoped that this the methodology described within this 
research would provide a template to allow sknilar analyses to be carried out on other 
samples from different sites and lead to the creation of a reliable universally applicable 
predictive model. 
The clarification of the provenance of the brickearth was to be achieved by 
analysing the spatial variation in the composition of the material. Geotechnical 
classification tests would be used to identify trends within the granulometric 
composition of the brickearth across the study area. These analyses would be 
augmented by geochemical, analytical tests to identify trends within major and trace 
elemental compositioriL Statistical analysis of these trends would be used to create 
senii-variograms that will be used to identify a direction of maximum variation which 
would be coincident with a transport direction. Having identified a transport direction 
potential source areas of materials causing the variations would be identified thus the 
provenance of the brickearth would be further constrained. The results of the analyses 
of the brickearth of southern England would then be used to fit the material into a 
European perspective and identify evidence that would allow the brickearth to be 
identified as an extension of the Eurasian loess belt, and thus assign the correct 
nomenclature to these deposits and remove the current confusion. 
1.5 Thesis Structure 
This thesis comprises eight chapters that describe the approaches used, the 
techniques utilised, and the results obtained wbilst attempting to achieve the aims of 
the research. The foRowing provides a summary of each of the subsequent chapters. 
Chapter 2: Geological History ofsouthern England 
There is a wide variety of dfferent geological formations which outcrop 
within the study area. In order to understand the nature and extent of these 
fithological units and their influence on the composition of the brickearth a fidl 
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descrttion of the geology md the stratigraphy of the study area is required. In this 
chapter the studY area is 6ided into four regions and the geology of each area is 
fully Jescnibed. The stratigmphy of each of the regions is discussed with specific 
emphasis being placed on the stratigraphy of each of the sample sites. The Quaternary 
history of southern England is reviewed and evidence cited illustrating the conditions 
durirn the deposidon of the brickearth. 
Chzp(er 3: Rese-rch Methodologies 
An extensive progr=3me of geotechnical and geochemical testing has been 
used during this research. In this chapter the theoretical background and 
development of -ach of the test methodologies is described. For each of the individual 
tests nference is made to =y international or national standards used, or any 
devi=ion from these stand---ds that proved necessary given the specific outcomes 
required. Having fi6y desmbed and discussed each of the testing methodologies, 
both geotechnic J and geocýemical, consideration is given to how the results will be 
inte=-ated into L-e research to meet the stated aims of the work. 
Charfer 4: Gemchnical Test Results 
The res; ýIts of the -potechnical 
testing programme are reported in this chapter. 
The--, - test procedures are : subdivided into two broad divisions: classification tests, 
and szrength ar4 consolida: ýon tests. Any spatial trends identified in the classification 
tests 3re reported and the : -. sults of a spatial analysis of these trends illustrated. This 
chapta also co=ains a discussion of the suitability of the sampling techniques 
undctaken and 5dentifies -s., urces of potential errors within the results with respect to 
the consolidation and shew sbvngth testing. 
C&-ver 5: Geochemical cid other Detenninistic Testing 
In this chapter the -,. -suh of the geochemical testing programme is reported 
alorm with the results of the scannke electron microscopy of the grain morphology. 
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As with the geotechnical test results any trends within the geochernical composition 
of the material have been identified and the results of the spatial analysis of these 
trends is illustrated. The results of the scanning electron microscopy of the grain 
morphology are recorded and illustrations of the different morphologies and their use 
in determining sediment transport regime is described. A brief summary of the test 
results is included in this chapter which will be expanded upon in the subsequent 
chapters of this work. 
Chapter 6. - The Collapsibility of the Brickearth 
The results of the geotechnical tests are utilised in this chapter to assess the 
collapsibility of the brickearth. Initially the calculated geotecbnical parameters are 
used to assess the collapsibility using a variety of published models. The development 
of a predictive collapse model based on both the geotecbnical test results and 
unsaturated soil mechanic's theories is ffilly described. The chapter concludes with a 
rigorous statistical analysis of the collapse model and the production of a graphical 
predictive chart. 
Chapter 7. - Development of a Provenance Model 
In this chapter all the relevant lines of evidence from the: geochemical testing, 
the geotechnical testing, the scanning electron microscopy, and published data 
sources are drawn together to create a model for the emplacement of the silty drift 
deposits of southern England. Some of the probable sources for the trends within the 
sediment are identified and the limitations in determining the exact provenance are 
discussed. Based on the testing and analysis of all the samples considered in this 
research the current confusion concerning the nomenclature of the material is 
considered and recommendations made to resolve this problem. 
Chapter 8: Summapy of Conclusions andRecommendationsfor FurtherResearch 
An overall discussion of the results obtained from this research is provided 
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whhin this chamer. Suggeý6ons on how this work can be developed are also 
1.6 Research Logis; tics 
The area that this --march coN ers is Mustrated in Figure 1.1 - It consists of the 
southern coumks of Englmd, from Kent in the southeast, north to the Thames 
Esrm-ry, with:! )e western extent marked by Lands End in Cornwall. Samples of the 
sih-Hch super-Scial deposis were coHected from sites ftoughout this area 
(Fics 1.2 &I -' A These sunples were augmented with material from Jersey, Cbannej 
islands and frcm sites in Brittany, northem France (Table 1.4). 
Sa=ple 
sh-- no. 
Sampk site NOR Sample 
site no. 
Sample site NGR 
1 pe9wel3ay i36000 164130 22 Portsmouth 467350 100570 
2 RecOv-s CUT i22500 1694-1-0 23 Gosport 462550 098300 
3 Hersda i21250 162300 24 Chilling Copse 451620 104250 
4 Cantumy i 17200 159780 1 
25 
1 
Chandlers Ford 442650 120690 
5 Molast iO 1325 151150 26 Lepe Point 446050 098350 
6 B=u; 2 Green 562150 1577-10 27 Barton on Sea 423850 092870 
Norfi-- . 61050 173850 28 PordaDd Bill 367850 06833 
I Oxice 539520 139520 29 , Churston Feffers 289650 056250 
9 Anm= 501320 105480 30 Elberry Cove 290220 057000 
1 --00970 1009.1.0 31 Hopes Nose 2949000635 
13OXF-. " 492650 108320 32 Jennycliffb Bay 249200 052500 
I: Fontwzl 495150 108560 33 Budc 106200 220450 
I- Bognor Regis 494150 098980 34 Cmckington 213800 097100 
]A Nfiddimu 497800 099930 35 TrefiUds POW 191890 033350 
if selse! 485210 092160 36 Paidennis Point 182600 031500 
It Chichmer 493220 105920 37 P-yn 179150 034450 
I- Chicbm 478780 1044-V 38 Goonhilly Down 172200 021950 
11 Emsww* 474150 106210 39 Lizard Point 171100 011900 
10 Haying Wwd 4713-50 1015450 40 Jersey Channel Islands 
20 whilmak% Bay 465900 0973-V 41 ENuy Brittany 
LZ wartirwon 473 150 1064'-0 
1142 
Concameau Brittany 
TaNe 1.4 Sa7wle ske locations 
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Fig 1.2 Sampling site locations and sampling sub-areas 
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Figure 1.3 Detail qf the sample site locations within the Hampshire Basin area 
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Bulk disturbed samples were collected from each of the sites listed in Table 
1.4. In each case the depths below ground level of the sampling points were recorded. 
From Barton on Sea (NGR 423850 092870), where a two metre vertical exposure of 
brickearth outcrops in a cliff section, a series of samples down the stratigrapWc 
profile were collected. The material collected from Portsmouth (NGR 467350 
100570) were undisturbed U 100 samples, driven as part of a ground investigation for 
a sewerage scheme (PORTCLEAN). These undisturbed samples formed the basis of 
much of the strength and collapsibility assessment (Table 1.5). 
Test suite Type of test 
- - Sarnple type 
- 
I 
Particle size distribution Disturbed 
Atter ber g limits Disturbed 
Geotechnical Grain specific gravity Disturbed 
Linear shrinkage Disturbed 
I 
Shear strength Undisturbed 
Consolidation Undisturbed 
Geocheinical & other X-ray diffraction Disturbed 
diagnostic X-ray fluorescence Disturbed 
procedures Scanning electron micLc222py Undisturbed/Disturbed 
Table 1.5 Sample types usedfor specific laboratory test procedures 
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Chapter 2 The GeoloRy of the Study Area and 
Stratigraphic Relationships 
2.1 Introduction 
The study area covers much of the south of England and includes many 
different geological provenances and depositional environments. In order to give a 
brief overview of the geology of this area, it is necessary to divide the area into 
geological provinces which coincide with the sampling domains discussed earlier. 
2.2 The Wealden Area 
The structure of the Wealden area is dominated by the Wealden anticline, a 
broad dome with its axis running roughly east-southeast to west-northwest 
(Gallois, 1978). Within the centre of this anticline the oldest strata of the area can be 
found (Fig 2.1). These Lower Cretaceous deposits, collectively form the Wealden 
Group, and consist of outcrops of the: Ashdown Formation, Wadhurst Clay and the 
Tunbridge Wells Sand Formation, and Weald Clay Formation. The former three units 
being termed the Hastings Beds (Subgroup) (Fig 2.2) 
The Weald Clay Formation is the uppermost lithology of the Wealden Group 
(Fig 2.2), it forms an extensive area of low-lying ground surrounding the outcrop of 
the Hastings Beds. A change from essentially freshwater through brackish to 
eventually, a fully marine environment is represented by the deposition of the Lower 
Greensand Group, the Gault Clay Formation, and the Upper Greensand Formation. 
These lithologies form a continuous outcrop to the north and south of the Wealden 
Group. The generally soft friable limestones of the Upper Cretaceous Chalk Group 
forms the rolling topography of the North and South Downs. In the London Basin, 
on the eroded surface of the Chalk, the oldest of the Palaeocene strata is found. The 
Thanet Formation, of marine sands, is only present in the London Basin. In other 
areas the beginning of the Tertiary succession is represented by the Woolwich and 
Reading Formation of the Lambeth Group. The sandy London Clay Basement Bed 
rests on a sharp contact with the Woolwich and Reading Formation. 
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Estimated Chronostratigraphic Lithostratigraphic 
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Holocene Sand and Shingle, Alluvium, River Gravels 
Dry Valley, Coombe Deposits, Brickearth, Raised Beach 
Pleistocene Deposits, Clay with Flints 
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Miocene 
Oligocene 
Eocene Thames 
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Palaeocene Group 
Upper Chalk 
Cretaceous Group 
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C. 
cl 
Formation Member 
Lenham Frn. 
No Deposition Apparent 
Bagshot Frn. 
London Clay Fm. Claygate Mbr. 
Woolwich Frn. Reading 
Frn. 
Thanet Sand Frn. 
Upper Chalk Frn. Margate Mbr. 
Middle Chalk Fm. 
Plenus Marl Fm. 
Lower Chalk Fm. 
Upper Greensand Fm. 
Gault Fm. 
Lower Folkestone Frn. 
Greensand Sandgate Frn. 
Lower Group Hythe Frn. 
Cretaceous Atherfield Clay Fm. 
Wealden Weald Clay Frn. 
Group Tunbridge Wells Frn. 
Wadhurst Clay Fm. 
Ashdown Frn. 
Broadstairs Mbr. 
St Margarets Mbr. 
Akers Steps Mbr. 
Aycliff Mbr. 
Shakespeare Cliff 
Mbr. 
Bargate Mbr 
Figure 2.2 An idealised stratigraphy of the Wealden area 
(compiled from Difff & Smith, 1992) 
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The London Clay Formation is the most uniform of the English Palaeogene 
deposits (Duff & Smith, 1992), and consists of marine clays with a variable admixture 
of silt and sand (King, 198 1). Overlying typical London Clay almost everywhere is a 
series of unfossiliferous sands and clays which have so far defied accurate correlation. 
These are the youngest of the Eocene strata to be found in the Wealden area. There is 
no evidence of any further deposition until the late Pliocene. The Pliocene Lenharn 
Bed Formation is exposed in solution pipes and in discrete patches, they are generally 
bright red, pink or yellow fine-grained sands. They are considered to be the remnants 
of a more extensive spread of sand laid down as the sea advanced westwards (Gallois, 
1978). A general description of the different lithologies is given in Figure 2.3. 
2.2.1 Stratigraphic relationships of the Wealden brickearth 
As is evident from the previous section the lithological variations in the surface 
outcrop of the Wealden area is large. Therefore, it is necessary to consider the 
underlying stratum at each of the sampling sites, so that in later chapters the effect of 
these stratigraphic variations can be considered. Table 2.1 lists the sample sites within 
the area as well as identiPling the underlying formation. 
Table 2.1 shows, that with one exception, that the samples of brickearth from 
the Wealden area come from sites lying above either the Thanet Sand Formation or 
the Lower Greensand Group. The one exception being the case of Molash (NGR 
601325 151150) where the underlying stratum is Chalk. At Pegwell Bay (NGR 
636000 164250) 2m of loessic material is present above the Thanet Sands. The 
orange/brown colouration of the brickearth/loess exposures visited within the area 
showed a remarkable uniformity. Apart from two sites where the material was 
exposed in temporary excavations all the material exhibited vertical fissuring. Rootlet 
holes which had been lined with secondary calcite were unique to the Pegwell Bay 
sample (NGR 636000 164150). Discontinuous bands of flint gravel could be seen at 
all the sites, but not as extensive as in other areas, suggesting some possible reworking 
of the material. 
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Girup Formation* bepositional Description 
Member** environment 
Lenhani* Maririe Brightly coloured feffuginous marine sands with 
some glauconite and rounded flint pebbles [I I 
TIumes Bamhot* Fine white and buff sands, with sporadic seams of 
Grcup Cla%-zate" Marine pipe-clky and 
local bed of flint gravel [2][31 
Interbedded fine-gained sand, silt and clay [2][31 
Lom3on Clay* Uniform brown and blue-grey clays, and silty-clays, 
sandy and glauconitic at base [9][10] 
Lambeth WLXIwich & Marine to Glauconitic sands at base, overlain by grey clays and 
Grcup Rea: Hng Beds* lagoonal sands 
(Woolwich Beds), and interleaved red and 
variegated clays and sands (Reading Beds) [4][5][61 
Thamet Sand Marine Glauconite-coated nodular flint at base, overlain by 
pale yellow-brown, fine-grained sand that can be 
clayey and glauconitic U][8][61 
Oha Urw Chalk* Coccolithic limestone with flint bands, nodular 
Grmp Mixidle Chalk* Marine chalk and marl seams 
[ 19] 
White pure chalk with some flint seams and very 
Lower Chalk* shelly beds [19] 
A grey marly chalk with marl content decreasing 
upwards overlying a thin glauconitic marl basement 
bed [191 
u7rw Unconsolidated non-calcareous glauconitic sands, 
Gr - nsarid* Marine 
chert and cherty sandstone with some thin clay 
. - seams [111 
Gau" Pale to dark grey clay or mudstone, glauconitic in 
part, with a sandy base. Discrete bands of phosphatic 
nodules. some pyrite and calcareous nodules 
-er FCkestone* Medium- and coarse-grained, well-sorted cross- 
bedded sands and sandstones G-_nsand Snd2ate* Fine sands, silts and silty-clays commonly 
G-mp 1-ý-he* Marine glauconitic occasionally limonitic [14] 
Fine- to medium-grained slightly glauconitic sands, 
A. -L-erfield sandstones and silts [ 15] 
Dark grey or black clays, silty clays or clayey silts, C12%, locally sandy and glauconitic. Weathering to bluish 
brown or chocolate-brown [ 13] 
V-'-_-ýd Clay* Grey, silty clay and clayey silt, with silt, sand, 
ironstone and clay ironstone; weathering to mottled 
Tunbridge orangeýyellow or steel grey or red 
[ 16] 
W---dden we4js* 
Massive cross-bedded quartz arenite, often referred 
to as the sandrock facies [ 18] 
CxOup W3dhurst Cl"* Freshwater Dark grey shales, mudstones and pale grey 
mudstones with occasional beds of silt, sandstone 
and shelly limestone[ 17] 
Ashdown* Buff coloured fine-grained, silty-sandstones and 
siltstones with smaller amounts of shale and 
mudstone. [181 
[I j %: Oopcr (19801 [--33ristow (19c, 
[3) King ( 199 1) 
[4] Ellison (1994) 
[lq-- Ellison et al. (irc) 
[Fj Ward (1978) 
Knox ( 1979) 
Strong (1984 
Hewitt (1988) 
"I King (1981) 
[,: I Owes (19%) 
[: --T Willimns eta[ (1996) 
f 13 j Rawson (1992) 
141 Ruffel (1992) 
[15] Knox (1998) 
[161 Jarzembowski (199 1) 
[171 Anderson el al. (1967) 
(181 Allen (1989) 
[19] Bristow ef al. (1997) 
Fgure 2.3 Generalisediýscriptions ofthe lithologies present in the Wealden District 
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SampleSite Grid Reference Underlying Formation/Group 
Pegwell Bay 636000 164150 Thanet Sand 
Reculver Cliff 622500 169450 Thanet Sand 
Hersden 621250 162300 lbanet Sand 
Canterbury 617200 159780 Thanet Sand 
Molash 601325 151150 Chalk 
Borough Green 562150 157750 Lower Greensand 
No eet 561050 173850 Ibanet Sand 
Oxted 53 520 139520 1 Lower Greensand 
Table 2.1 Underlying Formations at the Wealden brickearth sample sites 
23 The Hampshire Basin Area 
The geology of the Hampshire Basin area is illustrated in Figure 2.4. Several of 
the stratigraphical units are the same as those already described in the previous section 
(Figure 2.3). To avoid repetition, descriptions of these units will only be undertaken 
where there is a significant regional difference in their outcrop expression. 
Structurally the area is dominated by the Hampshire Basin, originally thought 
to be a undivided basin of continual subsidence throughout Mesozoic and early 
Tertiary times (Melville & Freshney, 1982). However, hydrocarbon prospecting has 
shown this to be incorrect, the base of the Tertiary rocks being divided into a number 
of subsidiary basins, or grabens separated by blocks of stable material, or horsts 
(Lake & Kamer, 1987). The present disposition of the rocks is due to differences in 
the rate of subsidence between graben and horst portions of the basin. 
The oldest stratum to be found in the Hampshire Basin area is the Upper 
Cretaceous Durlston Formation of the upper part of the Purbeck Limestone Group 
(Figure 2.5). It outcrops in the eastern extreme of the area and represents an marine 
incursion over large areas of southern England. The Wealden Group is largely 
confined to the southem Isle of Wight. It is sub-divided into two formations, the 
Wessex Formation and the Vectis Formation (Daley & Stewart, 1979). 
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24 Oligocene Bouldnor Frn. Hamstesd Beds 
Bembridge Beds 
38 Headon Hill Fm. Osbourne Beds 
Headon Beds 
Barton Group Barton Sand Frn. 
Barton Clay Fm. 
Eocene Bracklesharn Selsey Sand 
Group Marsh Farm 
Eamley Sand 
Wittering Fm. 
Thames Bagshot Fm. 
Group London Clay Frn. 
55 Lambeth Woolwich Frn. 
Palaeocene Group Reading Fm. 
63 Upper Chalk Frn. 
Upper Cretaceous Chalk Middle Chalk Frn. 
Group 
Plenus. Marl Frn. 
Lower Chalk Frn. 
96 Upper Greensand Frn. 
Gault Fm. 
Lower Sandrock Fm. 
Greensand Carstone Frn. 
Group Ferruginous. Sand Frn. 
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Q roi in 
Figure 2.5 An idealised stratigrophy of the Hampshire Basin area (compiledfrom 
Duff & Smith, 1992) 
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The Wealdon Group reaches its maximum easterly extent at Durdle Door 
(NGR 380650 080260) where it disappears through erosion and overstep of the Gault 
Formation. The fullest development of the Lower Greensand Group in the 
Hampshire Basin area outcrop on the south of the Isle of Wight. It decreases in 
thickness to the west and is not found further west than Mupe Bay (NGR 384250 
0790850). Although there are differences in the nomenclature used to describe the 
formations which comprise the Lower Greensand Group, along with the Gault 
Formation and the Upper Greensand Formation, it represents a period of shallow 
marine deposition. The Tertiary rocks of the Hampshire Basin area consist largely of 
sands and clays, representing deposition in shallow marine seas, deltaic, or lagoonal 
systems. Changes in the facies of the deposits were rapid over short distances, and in 
some cases over wide areas. Therefore, it is only possible to give a generalized 
description of each of the strata in this section (Figure 2.6). 
2.3.1 Stratigraphic relationships of the Hampshire Basin brickearth 
A close association between the brickearth and the terrace gravel deposits was 
evident, at all except one of the sites, in the Hampshire Basin area. These widespread 
gravel deposits are composed almost exclusively of flint with some silicified 
sandstone. There is no evidence that this material was transported from outside the 
area and the various terraces are believed to represent the outlines of an early 
easterly-flowing river, the " proto Solent" (Allen & Gibbard, 1993). This association 
may be a product of the sample site location. The majority of the sites in the area are 
coastal or located on the coastal plane. Therefore, sites away from the sea or the area 
influenced by the migration of the proto-Solent may not exhibit this relationship. 
Table 2.2 indicates the sites where the terrace gravels are present as well as the 
stratum that should be found beneath the gravels. there were involutions at the top of 
the gravel, attesting to the periglacial conditions at the time of, or subsequent to, 
deposition. 
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Group Formation* Depositional Description 
Member" environment 
Bouldner Lagoonal Grey clays with subordinate clays overlain by a 
series of grey/ green marls [I] 
Headon Hill* Marine & Dark clays with scattered flint pebbles at the base 
overlain by pale marls and fluvatile sand, and thin 
continental lacustrine limestones [2][31 
Barton Becton Sand" Marine Yellow-buff fine -medium sand and sandy clay. 
Group Charma Sand" Greenish-grey clayey, silty very fine grained sands. 
Barton Clay" Greenish-gre sandy clays, more uniform clays in 
upper pa 
Bracklesham Selsey Sand* Marine Glauconitic commonly shelly silts and fine-grained 
Group sands with subordinate silty-clay. 
Marsh Farm* Laminated clays at base, coarseniný upwards to Ime 
sand with clays flazers and laminations at top. 
Eamley Sand* Uniform green-grey silt, sand and silty san. d 
Wittering* 
Brown-green sands, silts and clays in varying 
proportions. Generally fining upwards [5]. 
Thames Claygate** Marine 
Group London Clay* 
Lambeth Woolwich & Marine to 
Group Reading Beds* lagoonal Although there may be some lithological 
differences between the de osits of the Wealden p 
Chalk Group Upper Chalk* area and the Hampshire Basin area, for this 
Middle Chalk* Marine work the generalized descriptions given in 
Lower Chalk* Figure 2.3 also apply to the material o the 
Hampshire Basin area. Upper 
Greensand* Marine 
Gault* 
Lower Sandrock* White and yellow quartz sands often compacted into 
"sandrock" [6]. 
IG reensand Carstone* Gritty red-brown ferruginous sand with pebbles and 
phosphatic nodules [7] Group Marine Shows considerable variation from grits and sands Ferruginous to interlaminated sands and clays [8]. Sand* Dark grey or black clays, silty clays or clayey silts, 
Atherfield locally sandy and glauconitic. Weathering to bluish 
lClay* brown or chocolate-brown [91 
Vectis Dark shales with occasional thin shelly limestones 
and minor sands. [10 1 Wealden Bames High Coarsening up sequence of clays, silts and sands 
Group Sandstone" Freshwater towards the base of the Vectis Formation [III 
Wessex* Marls, marly shales with subordinate sands. It 
becomes more varied towards the west, where it 
consists sandstones grits and conglomerates. 
Purbeck Durlston* Limestones and shales with several distinctive fossil 
r imestone Y 
I 
horizons. The basal Cinder Bed consists almost 
LE2ff- entirely of oyster shells [ 121 
[I ]Armentaeros el al. (1997) [4] Hughes & Whitehead (1987) [71 Hesselbo et aL (1990) j 101 Radley & Barker (1998) 
[211nsole & Daley (1985) [51 Todd (1990) [81 Owen (1975) [111 Daley & Stewart (1979) 
[3]Nicholas & Daley (1997) [61 Bird (1964) [9] Simpson (1985) 112] Westhead & Mather 
(1966) 
Figure 2.6 Generalised descriptions of the lithologies present in the Hampshire 
Basin area. 
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Sample site Grid reference Underlying Formatio; 
ýGroup*] 
Arundel 501320 105480 Reading Beds 
Climping 500870 100950 Chalk (no gravels) 
Boxgrove 492650 108320 Slindon Sand 
Fontwell 495150 108560 Slindon Sand 
Bognor Regis 494150 098880 Reading Beds 
Middleton 497800 099930 Chalk 
Selsey 485210 092160 Bracklesharn Beds 
Chichester 483220 105920 Reading Beds 
Chidharn 478787 104450 Reading Beds 
Ernsworth 474150 106210 Reading Beds 
Hayling Island 471350 101550 London Clay 
Whitecliffe Bay 465800 087350 Bembridge Fmt, 
Warblington 473150 106430 London Clay 
Portsmouth 467350 100570 Bracklesharn Beds 
Gosport 462550 098300 Bracklesham Beds 
Chilling Copse 451620 104250 Bracklesham Beds 
Chandlers Ford 442650 120680 Chalk (no gravels) 
Lepe Point 446050 098350 Bracklesham Beds 
Barton on Sea 423850 092870 Barton Sand 
* unless otherwise stated gravel deposits. form the immediate substratum 
Table 2.2 Underlying Formations at the Hampshire Basin brickearth sample sites 
Once again the material in the area exhibits a remarkable similarity in its 
outcrop expression. The orange/brown colouration was common to all the sites 
visited as was vertical fissuring. Flint bands or stringers were more persistent than the 
features recorded in the Wealden area. At Hayling Island (NGR 471350 101550) a 
sand infilled channel was identified, whilst at Boxgrove (NGR 492650 108320) two 
separate brickearth units were present separated by a 450mm thick gravel bed. The 
interface between the gravel and the brickearth varied from site to site, at Selsey Bill 
(NGR 485210 092160) the boundary between the two units appeared sharp, whilst at 
Lepe Point (NGR 446050 098350) 
jo 
2.4 The Devon and Dorset Area 
Figure 2.7 and Figure 2.8 illustrate the geology of the Devon and Dorset area. 
It contains the most diverse geology of all the areas described in this chapter 
consisting of elements of the granites and metamorphic rocks of Cornwall as well as 
the Mesozoic rocks of the Hampshire Basin area. A generalized description of these 
different lithologies is given in Figure 2.9 
The oldest Rocks are of Lower Devonian age, which outcrop in the southwest 
of the area (Figs 2.7 & 2.8). These sediments, deposited in a marginal marine basin, 
are mainly slates and contain water-lain tuffs and agglomerates (Dinley, 1966). Rapid 
subsidence led to My marine conditions in south Devon which continued to the end 
of the Carboniferous when a major episode of folding, faulting, metamorphism and 
granite intrusion, comprising the Variscan Orogeny, created the Palaeozoic Massif of 
Devon and Cornwall known as Cornubia. 
The mountains produced during the orogeny provided the source material for 
the red beds of the area. From the end of the Permian and through the Triassic period, 
great alluvial fans built up on the mountain fringes, infilling the valleys below, 
thorough post-depositional weathering turned all the iron compounds into red oxides, 
giving the characteristic red colouration to the New Red Sandstone. 
The end of the Triassic is marked by a marine transgression which laid down 
the Jurassic succession of Dorset this was start of a long period of shelf sea 
deposition, whilst most of Devon continued as a land mass. The sea was Probably 
absent from all of Devon, except for a small area of southeast Devon during most of 
the Jurassic Period, but re-entered in the Cretaceous. 
In Dorset the whole of the Jurassic system is exposed with only a few breaks 
in the succession. It represents a period of marine sedimentation with the exception of 
the Lulworth Formation of the Purbeck Group which was laid down partly in fresh, 
partly in hypersaline water (Westhead & Mather, 1996). The succession is 
characterised by a number of major clay, silt, sand and limestone sequences, each of 
which represents deposition in a shallowing sea. Each of these major sequences is 
composed of many smaller-scale units made up in the same way, termed cyclotherms. 
T'he clay maybe a fissile shale or a more massive mudstone. The accumulation of the 
clay was more rapid than the rate of subsidence, so when the clay had been raised 
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within the reach of wave action it would have been winnowed away leading to the 
deposition of silt (Sellwood and Jenkyns, 1975). The next member of the cyclotherm 
is a bright yellow sand, often blue grey at depth, and not sharply divided from the 
clay. The top unit is a limestone, in many cases containing ferruginous grains, of one 
form or another. Fine-grained limestones mark the virtual cessation of deposition and 
are taken to mark the shallowest phase of each cycle. 
The upper Greensand was deposited right across the area, although Dartmoor 
and Exmoor probably remained as islands throughout this period. Dartmoor 
continued as an island during the deposition of the Lower Chalk although it was 
covered during the time that the Middle and Lower Chalk was deposited. 
The sea fmally retreated from Devon in late Cretaceous or early Tertiary 
times. Uplift of the land area into a sub-tropical climate regime led to the deep 
weathering and erosion of the Chalk overlayer, leaving behind large expanses of 
residual flint gravel, which were partly redistributed by rivers to form Eocene and 
later deposits. Localised basin subsidence took place during the Oligocene and thick 
accumulations of clay, sand and lignite accumulated under river and lake conditions in 
the Bovey Basin. 
2.4.1 Stratigraphical relationships of the Devon and Dorset Brickearth 
The brickearth samples of the Devon and Dorset area were generally found 
on two different sub-strata (Table 2.3). At the easternmost site the material is found 
directly in contact with weathered Portland Limestone. At Portland Bill (NGR 
367850 068330), the material forms a relatively thin veneer infilling the spaces 
between the brecciated limestone blocks. Once again, as with the previous areas the 
material exhibits vertical fissuring and an orange brown colouration. 
In Devon the material associated with outcrops of Permian breccia, has a very 
distinct reddish brown colour, indicating that some post-depositional reworking must 
have affected the material. The only other stratum to be found in juxtaposition with 
the silt-rich material is located at Hopes Nose (NGR 294900 063500), at this location 
a 0.5ra cover of silt material mantles a raised beach deposit. 
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-stimated age Chronostratigraphic Lithostratigraphic 
Ma) 
Holocene 
Alluvium, Blown Sand, River and Terrace Gravels, 
Peat and Raised Beach Deposits. 
Pleistocene 
Group Formation Member 
Pliocene No Deposition 
Miocene Apparent 
t: Oligocene 
Blachford Sand 
Southacre Cla - Bovey Frn. y 38 Eocene Abbrook Clay 
Wooley Grit 
55 Palaeocene No Deposition 
Apparent 
i3 Cretaceous Upper Chalk Fm. 
Chalk Group Middle Chalk Frn. 
Lower Chalk m. 
Upper Greensand 
Frn. 
Gault Ftn. 
138 Purbeck Lst. 
Group 
Portland Lst. 
Group 
Kimmeridge Clay 
Jurassic Anchoime Group Fm. 
Corallian Fm. 
Oxford Clay Fm. 
Great Oolite Cornbrash 
Group 
Lias Group Upper Lias 
Middle Lias 
Lower Lias 
! 05 Penarth 
Group 
Triassic New Red Mercia Mst. 
Sandstone Group 
er rou Su 
40 Permian 
p g p Sherwood 
Sst. Group 
Igneous and Metamorphic 
Granite, Felsite, Diabase, Picrite, Mica Schicst, Chlorite Schist, 
1 1 Quartz Schist and Tuffs. 
Figure 2.8 An idealised stratigraphy of the Devon and Dorset area 
(compiledftom Duff & Smith, 1992 and Durrance & Laming, 1982). 
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Group Formation* Depositional Description 
Member** environment 
Bovey* Fluvial/ Carbonaceous dark grey and brown clays with 
lacustrine some lignite and siderite concretions. Some 
horizons of gravelly siliceous angular sand [I]. 
Thames London Clay* Marine 
Group 
Lambeth Woolwich & Marine to 
Group Reading Beds* lagoonal Although there may be some lithological 
di b h d h fferences etween t e eposits of t e 
Chalk Group Upper Chalk* Wealden area and the Devon &Dorset area, 
Middle Chalk* Marine for this work the generalized descriptions 
Lower Chalk* given ! 'n ifure 2.3 also appi to the Y 
material oj te Devon & Dorset area Upper . 
Greensand* Marine 
Gault* 
Purbeck Lst. Marginal and Limestones includiný algal and porcellaneous 
Group non-marine types interbedded with gypsiferous marls and 
mudstones [21 
Portland Shallow marine Upper part predominately I imestones, lower part 
Group predominantly argillaceous, dolomitic 
sandstones/sands; some mudstones/shales, and 
thin beds or nodular layers of micrite[3] 
Ancholme Kimmeridge Marine Mudstones (calcareous or kerogen-rich or silty or 
Group Clay* sandy); thin siltstone or cementstone beds; 
locally sands and silts [4]. 
Corallian* Complex succession of interdigitating 
limestones, marls and sandstones [5]. 
Oxford Clay* Blue grey clay with thin bands of limestone and 
septarian nodules 141. 
Great Oolite Marine Calcareous rarely oolitic clays and mudstones 
Group with some limestones [6]. 
Inferior Marine Predominately calcareous (commonly oolitic) 
Oolite Group limestones [7]. 
Predominantly grey, well-bedded, marine 
Lias Group Upper Lias Marine calcareous mudstones and silty mudstones, thin 
Middle Lias* tabular or nodular beds of argillaceous limestone, 
Lower Lias* particularly in the lower part, thicker units of 
siltstone and sandstone , 
in the upper part, and 
ironstone, in the middle part. Marginal limestone 
facies also occur I I]. 
New Red Penarth Group Predominantly Grey to black mudstones with subordinate 
Sandstone marine limestones and sandstones. 
Supergroup Mercia Mst. Dominantly red, less commonly green-grey, 
Group mudstones and subordinate siltstones with thick halite-bearing units in some basinal areas. Thin 
beds of gypsum are widespread, sandstones are 
also present. Sherwood Sst. Red, yellow and brown sandstones, partly pebbly 
I Group with subordinate red mudstone and siltstoMLILIJI 
I Duff & Smith (1992) 141 Ebukanson & Kinghom (1990) [71 Barron et aL (1997) 11 
Westhead & Mather (1996) 5 Sun(1989) 8 Warrigton ei aL (1980 2 
3 Townson (1975) 6 Selwood & Evans (1987) 
Figure 2.9 Generalised descriptions of the lithologies present in the Devon and 
Dorset area 
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Sample site Grid reference Underlying Formation/Group 
Portland Bill 367850 068330 Portland Group 
Churston Ferrers 289650 056250 New Red Sandstone 
Elberry Cove 290220 057000 New Red Sandstone 
Hopes Nose 294900 063500 Raised Beach 
Jermycliffe BE 249200 052500 New Red Sandstone_ 
Table 2.3 Underlying Formations at the Devon and Dorset sample sites 
2.5 The Geology of the Southwestern Area 
The geology of the southwestern area is illustrated in Figure 2.10. With the 
exception of the basic igneous complex of the Lizard, which may be of Pre-Cambrian 
age, and relatively small exotic masses of Ordovician quartzite and Silurian limestone, 
the oldest lithology of the area can be considered as Devonian (Fig 2.11). The late 
Silurian-early Devonian Caledonian Orogeny raised land to the north producing a 
semi-desert which drained southwards through swamps to the Devonian Sea. 
Envirorunental conditions varied at this time and three main facies have been 
recognised (Fig 2.12). The Old Red Sandstone sediments are mainly fluvatile, 
lacustfine or deltaic sandstones interbedded with marls, and limestones. The near- 
shore marine facies consists of coarse-grained sandstones, siltstones and shales, with 
rare detrital limestones and the deep-marine facies are mainly limestones and shales. 
The Carboniferous rocks of southwest England have long been collectively 
known as the Culm. Measures (Durrance & Laming, 1982). The measures are 
generally divided into three units. The lower Carboniferous is comprised of fairly 
uniform sequences of dark grey shales with thin sandstone bands and local slates. The 
presence of lavas, tuffs, agglomerates represent the punctuation of generally 
quiescent conditions by periods of vulcanicity. A sequence of shales and turbidite 
sandstones comprise the Crackington. Formation which forms the basal unit of the 
Upper Carboniferous. They represent deposition in a marine basin which was 
subjected to periodic disturbances by currents of turbid muddy water originating as 
sediment-laden flood water. 
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Estimated age Chronostratigraphic Lithostratigraphic 
Ma) 
Holocene 
Alluvium, Blown Sand, River and Terrace Gravels, 
Peat and Raised Beach Deposits. 
Pleistocene 
Group Formation Member 
Pliocene St Erth Fm. 
Crousa Gravel Fm. 
Polcrebo Gravel Frn. 
5 Miocene 
Oligocene 
No Deposition 
Apparent 
38 Eocene 
55 ne 
i3 Cretaceous Upper Greensand 
Fm. 
Gault Frn. 
138 Jurassic Lias Group Lower Lias I 
! 05 Penarth 
Group 
Triassic New Red Mercia Mst. 
Sandstone Group 
er rou Su p g p 
NO Permian Sherwood 
Sst. Group 
metamorphic formations 
ý90 Carboniferous Bude Fm. 
Crackington Frn 
Buckator Fm. 
Tintagel Group Trambley Cove Fm. 
Tintagel Volcanic 
03 Fm. 
Cd 1 
Barras Nose Frn. 
9 4 Yeolmbridge Fm. 
360 Gramscatho 
Devonian 
Group 
Mylor Slate Fm. 
Veryan Frn. 
IGrarnvound Fm. 
Figure 2.11 An idealised stratigraphy of the southwestern area (compiledfrom Duff 
& Smith, 1992 ; Edmonds et aL, 19 75) 
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The shallowing of the sea gave rise to the deposition of river-borne sand and 
mud. The resultant thickly bedded sandstones with siltstones and shales, are 
collectively termed the Bude Formation and forms the find unit of the Carboniferous 
The remainder of the sedimentary sequence of the area, the New Red 
Sandstone, has been fully covered in the description of the Devon and Dorset area. 
However, any overview of the southwest would be incomplete without reference to 
the granites and other minor intrusions. 
Five bosses of adamellitic granite trend west-southwest from Exeter to Lands 
End. In general the granite consists of quartz, perthitic orthoclase, plagioclase and 
biotite mica. Secondary muscovite mica is locally present and the commonest 
accessory constituents are toun-naline and zircon. The Amorican granite bosses baked 
the country rocks up to 6km from contacts (Edmonds et al., 1975), the effects 
varying with the nature of the host rocks. The argillaceous Devonian strata around 
the Lands End Granite has been converted to quartz-cordierite-biotite hornfelses. 
AndaIusite commonly replaces the cordierite in the Carboniferous shales skirting the 
Dartmoor Granite. 
Other minor intrusions that can be found in the area include sodium rich aplite 
dykes and veins associated with the Dartmoor Granite. Locally pegmatites are 
developed within the granites and quartz porphyry dykes are of general occurrence 
around the granites. 
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Group Formation. Depositional Description 
Member.. environment 
St Erth* Sands containing lenticular masses of 
fossiliferous marine clay [I I 
Crousa Gravels largely consistiný of weathered 
Gravel* gabbro and quartz clasts in a clay matrix[21 
Polerebo Greyish white pebbly, gravelly clayey coarse 
Gravel* sands and gravels [21 
Upper Marine 
Greensand 
Gault* Although there may be some lithological 
differences between the deposits of the Lias Group Lower Lias* Marine southwestern area and the Devon & 
Dorset area, for this work the generalized 
descri tions iven in Fi ure 2 9 lso p g g . a New Red Penarth Predominantly apply to the material of the southwestern 
Sandstone Group marine area 
Supergroup Mercia Mst. 
Group 
Sherwood Sst. 
Group 
Bude* Thickly bedded sandstones with siltstones and 
shales contains some nodular siftstone 
horizonsl3l[41151. 
Crackington Shales with subordinate sandstones [6] [71 
Buckator* Greenish grey slates with thin calcareous 
siitstones, rare thin limestones and thin 
sandstones [71 
Trambley Dark grey to black týitous slates with 
Cove. laminated siltstone orizons and interbedded 
tuffs. Sporadic lenticular limestones are alos 
Tintagel present. [6](71 
Group 
Tintagel Intensely deformed metabasic volcanogenic 
Volcanic* rocks dominantly agglomerate, tuffs and 
subordinate carbonate rich lavas [81 
Barras Nose A sequence of shales and siltstones with thin 
sandstones and crinoidal limestone at the top 
of the formation [6][7]. 
Yeolmbridge* Grevish brown silty slates with occasional 
lenticular limestones [91 
Gramscatho Interbedded greywackes and slates with 
Group sporadic limestones, conglomerates, cherts 
and spilitic lavas [101. 
Mylor Slate* Slates and siltstones with rare sandstone units 
[11] 
Veryan* Breccias and conglomerates interbedded with 
greywackes, slates and limestones[ 121 
I Mitchcll et al. (1973) 5111igg (1991) Stewart ( 198 1) 
211 Walsh et aL (1987) 6 McKeown et al. (1973) 1 Leveridge et al. (1990) 
3 King(1966) 71 Freshncy & Taylor (1972) 
1911ý 
SelwoodeiaL(1998) 
5 Melvin (1987) 
18 
Floyd el aL (1993) 12 Barnes (1983) 
Figure 2.12 Generalised descriptions of the lithologies present in the southwestern 
area (Compiledftom Selwood et aL, 1998) 
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2.5.1 Stratigraphic relationships of the southwestern loessic deposits 
The loesssic deposits of Cornwall were described by Roberts (1984). He 
recorded the loess from 26 locations including Goonhilly Down which he suggested as 
the holostratotype for the Lizard Loess. The Goonhilly Downs sample, of this 
research (NGR 172200 021950), came from the same location as the site described by 
Roberts (1984). 
Unlike Devon the loessic deposits of the southwestern area display a marked 
similarity in outcrop expression. The orange brown colouration. was the same at all 
the sites visited and similar to the deposits of the Hampshire and Sussex sub-area. 
However, these deposits did not contain the gravel stringers that were commonplace 
in the Hampshire and Sussex deposits. At Goonhilly Down (NGR 172200 021950) 
0.9m. of loess is present in a small disused quarry. The bottom 0.1m. of the outcrop 
becomes clayey and contains numerous angular clasts of the underlying serpentine 
bedrock. (Table 2.4). This Clay layer is most likely the weathering product of the 
serpentine. The sections at Pendennis Point (NGR 182600 031500) and Trefusis Point 
(NGR 181890 033350) are both found above an angular gravel whose clasts have a 
preferred orientation parallel with the slope of the head ten-ace, suggesting an earlier 
episode of solifluction. At Pendennis Point raised beach deposits are present beneath 
the soliflucted material, whilst at Trefusis Point a thin bed of clay above a siltstone 
formation were found beneath the loess. 
The two sites from the north Cornish coast are both associated with the Culm 
Measures. At Bude (NGR 220450 106200), a 1.5m, outcrop is present, this orange 
brown deposit is separated into two units by well cemented ironstone band. The 
bottom unit shows a distinct boundary with the sandstones of the Bude Formation 
with only occasional clasts of the bedrock lithology present in the lower 0.1m, of the 
material. The top of the cliffs at Crackington (NGR 213 800 097100) are mantled by a 
0.7m. thick orange brown silt deposit. Once again the lower 0.12m of the material 
contains clasts of the underlying bedrock lithology. 
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Sarnple site Grid reference Underl)ýng Form! tion/lithology 
Bude 220450 106200 Rude Sandstone Formation 
Crackington 213800 097100 Crackington Fomation 
Trefusis Point 191990 033350 Soliflucted head 
Pendennis Point 182600 031500 Soliflucted, head above raised beach 
Penryn 179150 034450 Soliflucted. head 
Goonhilly Downs 172200 021950 Serpentine 
Lizard Point 171100 011800 SETentine 
Table 2.4 Underlyingformationsl7ithologies at the southwestern loess sample sites 
2.5 The Quaternary History of Southern England 
The Cenozoic Era known the Quaternary Period is the interval of geological 
time that, by international agreement, is defted as comprising the last 1.8 Ma. 
However, within north-western Europe, including Britain and adjacent sea-shelf, its 
base is commonly dated at 2.4 MA BP; that is, from the onset of fluctuating episodes 
of warm and cold conditions (Foster et al., 1999). The Quaternary Period consists of 
the Pleistocene and Holocene epochs. The most significant feature of the Pleistocene 
has been this series of marked climatic changes (Fig 2.13). Some of these have given 
conditions as warm, or warmer, than those of today; others have been cold enough to 
allow arctic enviromnents to develop. During these cold periods, or glacials, the 
development of continental ice sheets and glaciation of upland areas, to the north of 
the study area, led to changes in the global ice volume and hence changes in the global 
sea level. 
Initially seven cold stages with eight temperate, or interglacial, stages were 
recognised from the terrestrial sediments of the Pleistocene (Mitchell et aL, 1973; 
Funnel et aL, 1979; Stuart, 1982). Longer sequences of Pleistocene sediments are 
present above the continental shelf, However, they do contain hiatuses, but the number 
of stages represented appears to be analogous to the deposits of terTestrial origin 
(Cameron et al., 1987; Long et al., 1989). Up to ten glacial/interglacial cycles have 
been recognised from oxygen isotope analyses and palaeornagnetic studies of deep 
ocean sediments (Shackleton & Opdyke, 1973,1976). It is clear that the terrestrial 
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record is not complete, due to the erosive nature of subsequent glacial stages, and 
that the terrestrW record contains many hiatuses and regional unconformities. 
Much of the brickearth, examined within this research, dates from the last 
glacial stage, the Devensian (Wintle, 1981). Recent advances in Quaternary studies 
have greatly improved the understanding of the last climatic cycle. The study of ice 
cores have produced much data on the natural variability of climate 
(Jouzel, 1994)(Table 2.5). Oxygen isotope analyses of foraminifera from deep sea 
sediment cores have contributed to estimates of global ice volumes and consequent 
glacio-eustatic sea level changes. 
Age Climatic conditions 
150 ka BP Cold, dry full glacial world 
Around 130 ka BP Rapid warming initiates the Ipswichian interglacial (Stage 5e) 
130 - 110 ka, BP Global climates generally warmer and moister thart present, but with progressive 
cooling to temperatures more similar to present (except for possible global cold, 
dry event at 121 ka BP 
110 ka BP A strong cooling marks the end of the Ipswichian interglacial (Stage 5e) 
105 - 95 ka BP Climate warms; slightly but still cooler and drier than present; strong fluctuations 
95 - 93 ka BP Another cooler phase similar to that at 110 ka BP 
93 - 75 ka BP A milder phase, resembling that at 105 - 95 ka, BP 
75 - 60 ka BP Full glacial world, cold and dry (the "Lower Pleniglacial" or Stage 4) 
60 - 25 ka BP "Middling phaser of highly unstable but generally cooler and drier than present 
conditions (Stage 3) 
25 -14.5 ka BP Full glacial world, cold and dry (Stage 2). This period includes the last glacial 
maximum. 
14.5 ka BP Rapid warming and moistening of climates in some areas. Deglaciation begins 
13.5 ka BP Nearly all areas with climates as warm and moist as today's 
12.8 ka BP +/- 200 years Rapid onset of cool dry conditions (17he Younger Dryas) 
11.5 kaBP+1-200 years 
I 
Younger Dryas ends suddenly, back to warm and moist climates 
Table 2.5 A summary of the sequence ofclimatic eventsfor the last 130000 years 
(after Adams, 1999) 
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Oxygen isotope stages 
cold 6 100(%0) warml BRITISH 
STAGES 
Holocene 
4 5 4.5 4 3.5 
-- -- 2- 1 Flandrian Devensian Late 4 5 lpsivichian 
6- 
2- 0 7 . 8 
72 9 
;Z 0 
0.4 12 II Hoxman Anglian 
- 
13 Cromerian 
14 TS; 15 Beestonian 
0-4 0.6 - 16 
17 
18 19 
0.8 - 
22 21 
25 
1.0- 30 31 
0 0 34 -7ý , 
CA 11. 2- 1 36 . 37 
1.4- 47 
E 52 
. EE 
1.6- 55 
1.8 
62 63 Pastoman 
68 Baventian 
2.0- 75 Antian 
82 81 Thurnian 
2.2- 
ýf ý-9 Ludhamian 
2.4 
9 N Pre-Ludharnian 
100 10 A 
Figure 2.13 Climatic changes during the Pleistocene epoch (after Foster et al., 1999) 
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After the last interglacial. period (140-110 ka BP), which seems to have been 
warmer than the Holocene, a gradual cooling interspersed with minor climatic 
oscillations occurred during the following 90 ka. Glacial-interglacial cycles show an 
approximate 100 ka periodicity, which has been ascribed to the 100 ka cycle of orbital 
eccentricity. As a result, after the end of the last interglacial period, new ice domes 
developed and existing ice sheets thickened. High resolution isotopic analysis of ice 
core from Greenland reveal additional irregular but well defined episodes of 
temperature amelioration, or interstadials, during the middle and latter parts of the last 
glaciation. For the time period between 115 ka BP to 14 ka BP, 24 of these short- 
lived events have been recognised from the Greenland ice core data, although many 
lesser warming events also occurred (Adams, 1999). Observation of sedimentation 
changes on land, and the climate changes recorded in the Greenland ice cap, suggest 
that the complete jump in climatic conditions occurred over a few decades. The 
interstadials lasted for varying spans of time, usually a few centuries to about 2000 
years, before equally rapid cooling returned conditions to their previous state. The 
study of high-resolution deep sea cores suggest for at least the last 30000 years, 
interstadials tended to occur at the warmer points of the background north Atlantic 
Ocean temperature cycle which had a periodicity of 1500 years (Adams, 1999; 
Johnsen et al., 1992). Although, not every warm peak was accompanied by an 
interstadial, when an interstadial did occur it coincided with a peak in the background 
temperature cycle (Adams, 1999). 
The resultant drop in global sea level, associated with the last glacial period, 
has been deduced by analysing foraminifera in the deep sea sediment cores. This 
method is based on the fact that the isotopic composition of an ice sheet is lighter than 
that of ocean water. Shackleton & Opdyke (1973) suggested that a change of about 
I Om in global sea level corresponded to 0.1 %a change in the isotopic record. Several 
attempts to quantify the sea-level change associated with 18 ka BP glacial maxima 
have been reported. Table 2.6 lists the results and the evidence cited. 
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Researcher Estimated Sea level Evidence 
(18 ka BP) 
(below current 
levels) 
Cun-ay, 1961 -124m Shallow water shells at II 9m depth 
Van Andel & Veevers, 1967 -130m Litorral mollusc shells in the Timor Sea 
Jongsma, 1970 -130m Fossiliferous algal rock recovered from 
Arafijra Sea 
Fairbanks,! 989 -121m Acropora palmata corals, Barbados 
Colonna, 1994 -152m Acropora. coral collected at depth 
Table 2.6 Some estimates ofg1obal sea level during the last glacial maxima 
The lowering of the sea level during the Late Devensian meant that a land 
bridge existed between southern England and northern France, and much of the 
current sea bed of southern North Sea was dry. The route of the Channel was the main 
drainage system for southern England and northwestern Europe (Zagwijn, 1974; Oele 
& Schuttenhelem, 1979) and rivers draining southern England cut over-deepened 
valleys which extend well inland of the present coastline. 
It is generally accepted that lowland Britain, south of a line drawn between the 
Essex and the Bristol Channel, was never glaciated (Ballantyne & Harris, 1994). The 
glacial maxima lying to the north of the current study area. Therefore, the climatic 
conditions that affected the area would have been periglacial, with areas of 
discontinuous /continuous permafrost. During episodes of climatic cooling, permafrost 
develops when the mean annual ground temperature falls below 0. C. Two principal 
permafrost zones are recognised in modem analogous areas, the zoneof continuous 
permafrost and the zone of discontinuous permafrost. Under very cold conditions, 
except beneath bodies of water, permafrost is continuous. Away from the ice front, 
where the climate is less severe, the insulation provided by vegetation, rivers, small 
ponds and deep snow cover results in breaks in the continuous permafrost. 
The extent and nature of the periglaciation of southern England is evidenced by 
the many relict features, associated with periglacial conditions, found in the area 
(Table 2.7). The main features identifiable within the area include ice wedge casts, 
tundra polygons representing the former cracking of pennafrost under conditions of 
very severe winter chilling. Cryoturbation of formerly exposed strata, and the remnants 
of pingos. 
46 
Reference Location Periglacial feature 
Hutchinson & Hight (1987) Lyme Regis Cryoturbation & involutions 
Allen (1987) Severn Estuary Ice wedge Cast 
Murton (1996) Isle of Thanet Cryoturbation of the Chalk 
Hutchinson (1980) CentralLondon Pingo remnant 
Carpenter & Woodcock (198 1) West Surrey Pingo remnant 
Waters (1961) Devon Ice-wedge cast 
Lewin(1966) Hampshire Ice-wedge cast 
Wilson (196 1) East Kent Ice-wedge cast 
Gruhn & Bryan (1969) East Essex Tundra polygons 
Pugh & Shearman (1967) Isle of Portland C! yoturbation 
Table 2.7 Remnantpermaftostfeaturesfound in southern England 
Although not a complete list of the many references to relict periglacial 
features in southern England, Table 2.7 provides significant evidence of very cold 
climatic conditions that affected southern England at the proposed time of deposition 
of the brickearth. 
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Chapter 3 Research Methodologies 
3.1 Research Methodology 
To address the problems of geotechnical behaviour and provenance an 
extensive series of laboratory tests were carried out on the collected samples. These 
test procedures can be broadly divided into three groups: geochernical and analytical 
tests, to identify the geochemicaI and mineralogical composition; geotechnical tests, 
to determine the geotechnical characteristics; and scanning electron microscopy, to 
study grain morphology and the micro-fabric of the material. In the following sections 
the theory, methodology and the aims of each of the individual tests are described as 
well as how these tests can be integrated to achieve the aims of this research. 
31 Geochemical and Analytical Methods 
A variety of geochemical. and analytical methods were used to determine the 
chemical properties of both the solid material and the pore-water. Although X-ray 
fluorescence and X-ray diffraction formed the basis of these tests, it proved necessary 
to extend the test programme to include chemical analyses of the pore-water to 
address particular problems that were encountered as the research progressed. 
3.2.1 X-ray difftactometry 
The principal aim of the X-ray diffraction analyses was to determine the 
geographical variations in the clay mineralogy of selected samples of brickearth. 
These variations, should they exist, could be used to help understand changes in the 
geotechnical properties of the material as well as be useful in determining whether the 
material is an in-situ weathering product or has been transported from outside the 
immediate area of the sample site. 
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3.2 LI Sample preparation for diffractometry 
After sieving the material, the sample passing a 63 ýLrn sieve was retained and 
prepared for X-ray dffractometry following the procedure detailed in Table 3.1. 
Stage Procedure 
I After sieving approximately 5 grams were measured out for analysis 
2 Each of the samples was placed in a small numbered beaker 
3 50ml of distilled water was added to each beaker 
4 The sample was stirred vigorously until the sediment was thoroughly dispersed 
in the liquid 
5 
j 
Clean dry labeled glass slides were prepared 
6 The sample was placed on the slide using a pipette 
7 1he sam2le was allowed to dry at room temperature prior to the analysis 
Table 3.1 Sample preparationfor X-ray diffraction (after Weights, 1999) 
3.2 1.2 X-Ray diffractometry theory 
The basis of this analytical technique involves rotating a powder sample in the 
path of a collimated X-ray beam The beam consists of a monochromatic X-radiation 
of a fixed wavelength, in this case 1.5418 A. The incident beam produces a diffracted 
signal which is recorded by an X-ray detector which rotates about the sample at a rate 
of IV minute. The diffracted signal has the fonn of a cone in which the angle 0 
between the cone axis and its outer surface is related to the d-spacing of the mineral 
in accordance with Bragg's Law. 
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The Bragg equation for X-ray reflection from a paraUel set of lattice planes with 
spacing, d, is: 
qA = 2dsinO (3.1) 
Where: 0 is the glancing angle of reflection or half the angle between the 
incident and diffracted beams 
77 is the order of reflection (any whole number such that sinO does 
not exceed unity) 
A is the wavelength of the incident beam 
The quantity measured experimentafly is: 
A 
sin 0 2 (3.2) 
Which is conventionally called a d-spacing. The results are recorded on a continuous 
paper trace in the form of a graphical plot of 20 versus X-ray intensity. The 20 values 
are converted to d-spacings using the above relationship this ensures the uniqueness 
of the results, 0 is dependent on the wavelength of the radiation, as well as being the 
accepted basis for X-ray identification. 
3. Z 1.3 Identification of bulk and clay mineralogy 
Initially selected samples underwent X-ray diffiractometry to help ascertain 
their bulk mineralogy. To achieve this, the prepared samples were analysed with the 
20 angle varying between 0 and 60*. On completion of the bulk mineralogy analyses 
the samples underwent a second analysis to identify the clay mineralogy. Table 3.2 
shows the d-spacings and intensities used for the clay- mineral identification. 
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Minerals d(001) 1(001) 
: ] 
1-- 11 2 3 41 5 6 0q 0 
Kaolinite 7.15-7.20 100 90 is 19 4 1.489 
Mg-serpentine 7.25-7.35 100 100 20 20 1.536-1.540 
Fe-saMtine 7.04 100 100 5 1.555 
Berththierine 
Pyrophyllite 9.20 80 30 100 5 10 1.493 
Talc 9.35 vs w s vw m. 1.527 
Smectites 
(dioctahedral) Variable 1.49-1.50 
(trioctahedral) Variable 1.52-1.54 
Vermiculite 14.3 100 10 15 30 40 1.541 
Muscovite 10-10.05 >100 55 >100 20 75 1.499 
Pblogopite 10-10.05 >100 20 >100 30 65 1.538 
Biotite 10.0 100 20 90 10 10 1.530 
Celadonite 9.95 50 70 10 1.510 
Glauconite 9.95 100 60 20 1.511 
Paragonite 9.62 30 20 100 30 1.481 
Chlorites 
(magnesian) 
14.15-14.35 70 
I 
100 50 
I 
80 
I 
30 1.549 
ých) Chlorite (toLn 14.10-14.25 
1 20 100 20 50 10 
Table 3.2 Spacings in A and intensitiesfor prelimina? y identification of clay 
minerals (after Brindley & Broww, 1980) 
The aim of this analytical method was to look at the mineralogy of selected 
samples from different regions of the study area and identify any regional variations in 
both the bulk mineralogy and the clay constituent. To achieve this, oriented samples 
were prepared on glass slides (Table 3.1) and exanýined using Cu Ka radiation at I* 
(20)/min. Except at low angles of refraction, approximately 20 < 10 *, d-spacings can 
be calculated to within 0.2% providing the peaks are symmetrical (Brindley & Brown, 
1980). Accurate spacings cannot be determined when the asymmetrical peaks exist, in 
this case the result is highly dependent on where the measurement is made and in 
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highly asymmetrical peaks the recording of d-spacing is of questionable use. 
Having determined the d -spacing from the 20 angle, and knowing the 
intensity of the mineral under investigation allows for its identification utilising the 
table or one sbilar to that shown in Table 3.2. 
This process can be simplified by using software that assists the interpretation 
of XRD traces and the subsequent identification of the mineralogy of the samples. 
Utilising this software and its associated database of mineral intensities and d-spacings 
both the clay and bulk mineralogy of the samples will be identified. 
3.2.2 X-ray fluorescence 
X-ray fluorescence was widely used in the research to look at the "whole rock 
geochemistry" and variations in specific major and trace elements. These variations 
have been used to help establish a provenance of the material, reported in chapter 6. 
3.221 Sample preparation 
The XRF analyses were carried out on powder pellet samples which were 
prepared for XRF analysis following the procedure detailed in Table 3.3. 
Preparation stage Procedure 
I A representative sample of the material is oven dried at 105"C for 24 
1 
hours 
2 Approximately 50g of the oven dried material is ground by hand until 
it all passes a 63pm sieve. The sieved material is kept in a sealed bag 
until the next stage of preparation 
3 5g of the prepared powder is compressed into a boric acid shell to 01 
L 
oj g 
fb rm a powder pellet 
Table 3.3 XRF Powder pellet preparation (after Weights, 1999) 
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3. Z 2.2 Sample analysis 
The prepared powder pellets were analysed for a selection of major and trace 
elements (Table 3.4) using a Philips 1480 fully automated spectrometer. 
Major Oxides Trace Elements 
Silca, Sio, Nickel Ni 
Aluminum AaJ201 Copper Cu 
Iron Fe2% Zinc Zn 
Calcium CaO Zirconium Zr 
Sodium Na2O Yitrium, y 
Titanium TiO2 Strontium Sr 
Potassium K20 Rubidiurn Rb 
Magnesium M90 Chromium Cr 
Manganese MnO Vanadium V 
P205 Barium Ba 
Scandium Sc 
Uranium U 
Niobium Nb 
Thorium 
Table 3.4 Major and trace elemental concentrations analysed using XRF 
(after Weights, 1999) 
XRF is a spectroscopic method which relies on the emission of secondary 
X-rays from the excitation of the sample. The incident X-rays eject inner-shell 
electrons which are in turn replaced by outer-shell electrons. During this process 
photons in the visible fight spectrum are emitted. The wavelength of these photons 
depends on the energy difference between the inner-shell and outer-shell electron 
orbitals. Upon excitation of the sample with sufficiently short-wavelength X-radiation 
an element will emit a characteristic X-ray spectrun-L Quantitative analysis of a sample 
is possible but it requires careful calibration of the equipment using standards that are 
simflar to the spechnen. 
The results of the X-ray fluorescence analyses were statistically analysed, 
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following a procedure detailed by Aitchison (1986), to help determine the similarities 
between the different regions of the study area. The results of the analyses are 
discussed in later chapters of this research. 
3.2.3 Atomic absorption 
Atomic absorption (AA) spectroscopy uses the absorption of light to measure 
the concentration of gas-phase atoms. Since samples are usually liquids or solids, the 
analyte atoms or ions must be vaporized in a flame or graphite finnace. The atoms 
absorb ultraviolet or visible light and make transitions to higher electronic energy 
levels. The analyte composition is determined by the amount of absorption. 
Concentration measurements are generally determined from a working curve after 
calibrating the instrument with standard solutions of known concentrations. 
323.1 Atomic absorption spectroscopy of thepore-fluids 
The pore-fluid chemistry, of the brickearth samples that had undergone 
oedometer testing, were analysed using a Perkin Elmer II OOB Automatic Absorption 
Spectrometer. The pore-fluids were extracted from the samples in a centrifuge. To 
achieve this the samples were first soaked in deionised water for 60 minutes prior to 
centrifuging for a further 60 minutes. The liquid was then carefidly drawn off each of 
the samples and any suspended material was allowed to settle out prior to testing. Of 
particular interest were changes in the soluble salt content of the material that might 
help explain the different modes of post-collapse behaviour observed during the 
oedometer test procedure. 
3.3 Geotechnical Tests 
Samples of the brickearth underwent a variety of geotechnical test procedures. 
The tests the individual samples underwent were dependent on the type of sample 
available, as both strength and consolidation testing require "undisturbed samples" to 
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achieve meaningfiM results. In general, the geotechnical testing programme can be 
subdivided into classification tests, strength determination tests and consolidation 
tests. All the geotechnical, tests were carried in accordance with the relevant British 
Standard, if such a standard existed 
3.3.1 Classification tests 
Classification tests were carried out on all the samples of brickearth regardless 
of the nature and condition of the samples. These tests comprised the analyses of the 
granulometric composition of the xnaterial and the determination of the Atterberg 
limits. The grain specific gravities, G, were determined as they form an input 
parameter in several of the other test procedures and subsequent calculations. The 
activity index and the swelling limit and linear shrinkage of the different samples were 
also assessed as these parameters are easy to caIculate and can be used to reflect 
variations in the clay mineralogy of the material (BS 13 77: Part 2,1990). 
3.3.1.1 Granulometric composition 
The granulometric composition of the material was determined by dry sieving 
the coarse fraction (>63gm) and then carrying out a sedimentation analysis of the fine 
fraction of the material. The individual samples for granulometric compositional 
analyses were prepared following the procedure detailed in Table 3.5. 
Preparation stage Procedure 
I Between 50 and 100 g of the soil was oven dried at 105T for 24 
hours. 
2 After oven drying the dry weight of the material was measured, m,,, it 
was then deflocculated in 50ml of hexametaphosphate for 6-12 hours. 
The exact time being dependent on the clay content of the soil 
3 lle dispersant and soil were washed through a 63 pm sieve, the 
material passing the sieve was placed in a gasjar fi)r sedimentation 
I analysis and the material retained was oven dried prior to Lr2yjsjTýM 
Table 3.5 Sample preparation prior to granulometric analyses 
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The sieve analysis of the coarse fraction (>631Lm) was carried out using an 
extended set of British Standard sieves. Two sets of sieve sizes are generaRy 
recognised, these are the British Standard set and the sizes recommended by the 
International Standards Organisation (ISO). The sieve sizes used in this part of the 
analysis are listed in Table 3.6, they do not exactly conform to either of the standard 
sets. However, their sizes were chosen to give an even spread of data in the coarse 
fraction detennination, and the sieve sets used contain more sieves than those 
reconunended in the British Standard. Table 3.6 also shows an example of a typical 
set calculations used in the determination of the particle size distribution of the 
>63 ýtrn fraction of the analysis. 
Sieve sizes used (pm) F425 
300 1 250 180 1 75 63 
Typical Calculations Mass of dry sample: 48.14g 
sieve size 
(PM) 
a 
sieve weight 
(9) 
b 
sieve and soil 
(9) 
C 
soil retained 
(9) 
d= c-b 
percentage retained 
e, = 100- (44, ý48.14)AOO 
e2= el- (d3, /49.14)xIOO 
L 
425 390.76 390.78 0.02 el) 99.9 
300 373.35 374.20 0.85 e2) - 98.1 
Table 3.6 Sieve sizes and calculations used in the sieve analyses of the brickearth 
On completion of the sieving, any material that had passed the 63 ýLm sieve 
was weighed and then placed in the sedimentation tube with the rest of the fine 
fractiom 
Sedimentation analysis was carried out using the hydrometer method 
following the procedure detailed in BS 1377: Part 2: 9.5. This analysis is based 
around the theory concerning the rate of settlement of particles, Le large particles 
will settle out at a faster rate than smaller ones, providing the particles have similar 
densities and geometric shapes (Table 3.7). 
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Particle Terminal Velocity (mm/s) Approximate diameter (pn) 
Coarse silt 1 35 
Medium silt 0.1 12 
Fine silt 0.01 3.5 
C12Y 0.001 1.2 
Table 3.7 Terminal velocities and diameters of Dartic les in susDension 
(after Head, 1992) 
If the particles are assumed to be spherical then the maximum velocity, Vthat 
a particle attains (terminal velocity) is related to the particle diameter, D by Stokes' 
Law. This states that the terminal velocity is proportional to the square of the particle 
diameter. 
Voc D 
Although clay particles are phylosillicates and therefore have a sheet like 
(3.3) 
morphology for most purposes the assumption of sphericity provides a sufficiently 
accurate basis to calculate the particle size distribution of the fine fraction of a soil. 
During sedimentation a suspension of a known mass of SOR particles is placed in a 
known volume of liquid. As the soff particles settle, due to gravitational forces, 
measurements in the changes in the density of the solution are taken using a 
hydrometer. As well as the assumption of sphericity, to allow the simple application 
of Stokes' Law to sedimentation analyses several simplifying conditions must be 
assumed (Head', 1992): 
No. Simplifying Condition 
I The condition of viscous flow in a still liquid is maintained. 
2 There is no turbulence- that is, the concentration of particles is such that they do not 
interfere with one another. 
3 The temperature of the liquid remains constant. 
4 Particles are small spheres. 
5 The terminal velocity is small. 
6 All particles have the same density 
7 A uniform distribution of earticles of all sizes is formed within thjnýý_ 
Table 3.8 Assumed simplifying conditionsfor sedimentation analyses 
(after Head, 1992) 
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The value of the density of the solution is recorded along with the data 
illustrated in Table 3.9. This allows both A the particle diameter and K, the 
percentage finer than, to be calculated using the equations derived from Stoke's 
Law. The results of the granulometric compositional analysis are displayed 
graphically on a log-normal plot of particle size on the x-wds (Log scale) vs 
percentage passing on the y-axis. 
Column Parameter Calculation 
I 
1 
Date & Time date and time of the test 
2 Elapsed Time time in minutes from beginning of 
sedimentation analyses 
3 - Temperature temperature, Tin *C 
4 
1 
RA, actual hydrometer reading, R,, ' 
5 RI, true hydrometer reading; 
Rh = Rk'+ C. 
C. - meniscus correction - 0.5 
6 Rd modified reading 
Rd= RI, -& 
R. = hydrometer reading of reference sample 
7 Effective depth H, (mm) H, =214-4. IRk 
8 Particle diameter D (mm) f ýij -XHt 
D=0.005531 4 (PS-I)t 
I= dynamic viscosity of water at temperature, 
T(mPas) 
p, = particle density (Mg/m') 
9 Percentage finer than D I OOP, X Rd K= 
14 - 1) 
M= 
I 
p, 
P I I ft materials after pretreatment 
Table 3.9 Hydrometer sedimentation calculations (Modifiedftom Head, 1992) 
The results of the granulometric analyses allow spatial variations in the 
granulornetric composition of the brickearth to be identified. This is usefid and has 
been used in a variety of ways. The clay particle size content of the different samples 
is useful in predicting the geotechnical properties of the material. It can also be used 
to infer direction of transportation and hence aid the development of a provenance 
model. 
58 
3.3.1.2 Atterberg or consistency limits testing 
The Atterberg limits define the moisture content (W) of a soil at which its 
behaviour changes from that of a liquid to that of a plastic solid (liquid limit, wL). As 
moisture is removed from the soil, it eventually reaches a point where it exhibits no 
permanent defonnation and acts as a brittle solid. The moisture content at which 
plastic failure changes to brittle failure is defined as the plastic limit (wp). 
The plasticity index (Ip) defines the range of moisture content within which 
the soil is plastic, and can be defined as: 
Ip 
= WL - wp 
Where: 
Ip is the plasticity index 
w, is the Hquid limit 
w is the plastic limit P 
The transition from one state to the other is not observable as a precise 
(3.4) 
boundary, but takes place as a gradual transition. Nevertheless these arbitrary but 
specific boundaries have been established empirically and are universally recognised 
(Head', 1992). 
The liquid limit is determined by measuring the penetration of a cone, of 
known geometry and weight, dropped into the soil. The moisture content of the son is 
systematically increased, by the addition of deionised water, until a minimum of four 
penetrations are achieved, between 15mm and 25mm. depth. These results are plotted 
on a graph of moisture content against depth of penetration, and a line of best fit is 
drawn through the data points. The liquid limit (wd is then defined as the moisture 
content at which 20mm deep penetration occurs (Fig 3.1). The plastic limit (wp) of 
the material is determined by rolling the soil into a thread, on a glass plate, using light 
finger pressure. The soil is said to have reached its plastic limit (Wp) when it begins to 
crumble at a thread diameter of 3mm. 
The liquid and plastic limits of a cohesive soil provide a useful classification 
and identification system for fine-grained soils. Classification is accomplished by 
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means of a plasticity chart, this is a graphical plot of liquid limit vs plasticity index 
(Fig 3.2). The soil is classified by observing the position of the point in relation to 
diagonal line drawn across the diagram. This line, known as the A-line, is an empirical 
boundary between inorganic clays, whose points plot above the line, and organic silts 
whose points he below. The A-line is defined by the relationship: 
lp = 0.73(wL - 20) (3.5) 
Originally soils that plotted below the A-line were classified as silts. However, 
this is confusing and the term M-soil was introduced to account for soils that He 
beneath the A-line but have a particle size distribution not entirely within the silt-size 
particle range. In British practice the chart is finiher sub-divided into ten zones, five 
above the A-line and five below, these categories give five groupings for clays and 
five for sfits. 
Categories for clays Categories for silts 
category description category description 
CL clays of low plasticity wL<35 MIL silts of low plasticity 
C1 clays of intermediate plasticity 
wL 35 to 50 
NU silts of intermediate plasticity 
CH clays of high plasticity wL 50 to 70 ME silts of high plasticity 
Cv clays of very high plasticity 
wL 70 to 90 
Mv silts of very high plasticity 
JEE 
clays of extremely high plasticity 
W, >90 
ME 
- 
silts of extremely high 
plasticity 
Table 3.10 Categories and standard symbolsfor clays and silts 
(compiledfrom BS 13 77,1990) 
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Uppq Plasucity Range 
r- Int"mMiate High I V- MA I Extn! rneiv 14ioh Plaoiritv 
70 
60 
50 
40 
30 
20 
10 
00 
Note: the letter 0 is added 
to the symbol for any 
soil containing a significant 
proportion of organic materia 
iZI 
............... 
10 20 30 40 50 60 70 80 90 100 110 120 
Liquid Limit (O/o) 
Figure 3.2 Standard soil plasticity chartfor the British Soil Classification System 
BSCS (from BS5930,1981). 
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Figure 3.1 Graphical determination of the liquid limit 
A further empirical boundary, the T-Line, was introduced by Boulton and 
Paul (1976). 
IP= 0.73(WL - 11) (3.6) 
It lies parallel but above Casagrande's A-line and represents a fine upon which 
the clay matrix of a glacial tiff plots on the soil chart. As the matrix of these glacially 
derived products also consist of finely comminuted silt-and clay-size material it has 
been included on the chart to investigate any similarities between them and the 
brickearth. 
This test, Eke the previous test, can be used to investigate spatial variations 
and trends in the properties of the material, in this case in the consistency of the soil. 
The Atterberg limits are a very useful parameter, for as well as describing an 
engineering property and response of the material, it can also give an indication of the 
type of clay mineral present. When combining the results with those from the 
granulometric composition, it is possible to ascertain whether the clay mineralogy is 
the same across the area. 
This association between the percentage clay particle size content and 
plasticity index of a soil is termed the Activity index. it was first suggested by 
Skempton (1953), that for a particular clay mixed with a coarser fraction, the 
plasticity index depended on the clay fraction (particles less than 2pm), and that the 
ratio of clay content: plasticity index remained constant. Different soils produced 
different ratios but the ratio was more or less constant for each different soil type. 
This relationship between Ip and clay content was termed the colloidal activity, or 
more commonly, activity. 
activity = 
IP 
(3.7) 
< 2, um par le content 
For consistency the clay fraction should be the percentage of that portion of 
the material that passes the 425mm sieve. Clays can then be classified into the four 
groupings, shown in Table 3.11. VVhilst the approximate values of activity and other 
index properties for some common clay minerals are shown in Table 3.12. 
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Description Activity 
Inactive clays <0.75 
Noma] clays 0.75-1.25 
Active clays 1.25-2.0 
Wghly active clays (e. g. 
bentonite) 
>2 (6 or more) 
Table 3.11 The activity of clays (after Head, 1992) 
Clay mineral Liquid limit range 
(0/. ) 
Plasticity index 
range (! /a) 
Activity 
kaolinite 40-60 39745 0.4 
illite 80-120 50-70 0.9 
sodium montmorillinite 700 650 7 
other montmorillinite 300-600 200-550 1.5 
20 or less 0 0 
Table 3.12 Typical ranges of index properties of some common clay minerals 
(after Head, 1992) 
3.3.1.3 Shrinkage and swelling tests 
Volume changes in response to changes of moisture content are characteristic 
of fine-grained soils, with the clay minerals controlling this behaviour. The amount of 
sweUing or shrinkage is dependant on, among other things, the thickness of the 
hydration shell which varies with clay type. Therefore, the magnitude of the reaction 
to moisture changes is dependent on the amount and type of clay present in the 
sample. 
When the moisture content of a fine-grained soil is reduced then the soil wifl 
begin to reduce in volume or shrink. Eventually the soil will reach a point where no 
Rirther size reduction is possible as the constituent mineral grains are now touching 
each other. At this point the soil is said to have reached its shrinkage limit, below this 
point air will begin to enter the pore spaces which up to this point have been fully 
saturated. Clays are more susceptible to shrinkage than silts and in most clays the 
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shrinkage limit is appreciably lower than the plastic limit but in silts the two limits can 
be close together. 
A relatively easy method to determine the shrinkage characteristics of a 
cohesive material is the linear shrinkage test (BS 1377: 1990: Part 2: 6.5). The linear 
shrinkage test measures the one-dimensional shrinkage characteristics of a soil. 
It is carried out simply by measuring the reduction in length of a semi-cylindrical 
sample as it dries out. The test specimen starts off at a moisture content at or near its 
liquid limit and is slowly dried out to avoid cracking. If the initial length of the sample 
is denoted by LO and the fmal length after drying by LD, then the linear shrinkage Ls is 
given by: 
Lo - LD 
x 100% (3.8) 
LO 
In addition to estixnating the shrinkage of a soil this test can be used to 
estimate the plasticity index of soils where traditional methods prove difficult, i. e. 
soils with very low liquid and plastic limits. BS 1377 (1967) introduced an empirical 
relationship between L, and Ip in the form of: 
IP= 2.13Ls (3.9) 
Although some care must be used when using this relationship in practice 
(Head', 1992). 
Again, like the activity index, the amount of shrinkage that will take place 
during drying, will be a function of the amount and species of clay minerals present in 
the sample. In general tenns the higher the plasticity index the higher the activity 
index the higher the linear shrinkage, or in notational form: 
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I. oc activity oc Ls (3.10) 
lp =kx activity 
or and (3.11) 
activity =kx Ls 
where k are constants of proportionahty. 
It may be possilble, to derive a value for these two constants during the course 
of this research, although any such value will only be applicable to this one particular 
soR type. 
As the term suggests, the opposite to the shrinkage behaviour in a soil is 
swelling. Two methods to measure this parameter have been utilised in this research. 
The swelling behaviour of the material was investigated as part of the oedometer test 
procedure during the unloading stages of the test. The samples were unloaded in 
stages and their change in height monitored. After the initial tests an extra stage was 
introduced into the unloading sequence to investigate collapse behaviour that had 
manifested itself in the previous tests. This extra phase was carried out with a nominal 
load of 5kPa for a minimum period of 24 hours or until the sample reached 
equilibrium and no further changes in sample thickness occurred. 
The second swelling test was introduced to investigate the coRapse behaviour 
recognised from the previous procedure. Utilising both undisturbed and samples that 
had undergone one previous phase of collapse, laterally restrained samples were 
allowed to swell under a negligible load (the weight of a porous plate + the pressure 
exerted on the sample by a dial test indicator). The dial test indicator gauge enabled 
the behaviour of the sample to be monitored at given time intervals for a period of 
120 hours. 
3.3.1.4 Particle Density 
As a soil is made up of a aggregate of particles both monomineralic and 
polymineralic, the changes in the particle density may be of use in distinguishing 
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changes in the overall mineralogy and therefore provenance of the material. Clays 
consist of various minerals, most of which are heavier than quartz (2.65MgW), and 
have particle densities, typically 2.68-2.73 Mg/d for many British soils (Head, 
1992). The presence of metalliferous minerals are likely to increase the mean particle 
density of the soil even more (Table 3.13). Whilst soils containing large amounts of 
I 
organic material are liable to have a much lower particle density. 
Unless the material being tested consists of a single mineral, Le a quartz sand, 
the actual density measured will be the mean density of the mineral aggregate. 
Mineral Relative density 
(Mglm, ) 
Mineral Relative density 
(Mg/M3) 
2.65 Pyrophyllite 2.84 
K-feldspar 2.54-2.57 Serpentine 2.2-2.7 
Na-Ca-feldspar 2.62-2.67 Kaolinite 2.62-2.66 
Calcite 2.72 Halloysite 2.55 
Dolomite 2.85 Illite 2.60-2.86 
Muscovite 2.7-3.2 Montmorillinite 2.75-2.78 
Biotite 2.8-3.2 Attapulgite 2.3 
Chlorite 2.6-2.9 I 
LMag-netite 5.2 
Table 3.13 Relative densities of some common minerals 
(after Lambe & nitman, 1979) 
Therefore, spatial variations in the mean density of the sedhnent will be 
ascertained and spatial trends identified. Any such variations may be usefid in 
understanding the depositional processes that have affected the brickearth. 
The test procedure used in this determination is detailed in 
BS1377: 1990: Part 2: 8.2. It relies on a series of mass measurements (Table 3.14) and 
a subsequent calculation. 
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Mass Description 
MI Gas jar and ground-glass plate to the nearest 0.2g 
M2 Gas jar, oven dried sample and ground-glass plate to the nearest 0.2g 
m3 Gas jar filled with deionised water, oven dried sample and ground-glass 
plate to the nearest 0.2g 
M4 Gas jar emptied of sample and cleaned and filled to the brim widi deionised 
water at room temperature and ground-glass plate to the nearest 0.2g 
Table 3.14 Mass measurements requiredfor the determination of mean particle 
density 
The particle density, p, of the soil particles for each determination is given by 
the equation: 
nh-in, 
-- gIM3 (3.12) (M4 
- Mj- 
(M3 
- 
;)M 
Two detenninations are carried out for each sample and if the calculated particle 
densities differ by 0.03 Mg/n? or less, the average of the two values is reported to the 
nearest 0.01 as the particle density of the soil. 
The grain specific gravity, G., is the ratio of the particle density, p, to the 
density of water, p, or: 
PS 
PW 
(3.13) 
Therefore, G, has the same numerical value as the particle density but as a ratio has 
no units. 
3.3.2 Shear strength testing 
The shear strength of a material is its maximum resistance to shear and is 
expressed as a stress (BeR, 1992). This stress is obtained from the 
Mohr-Coulomb failure criterion which allows the relationship between the shear 
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strength, r, on a potential failure surface and the stress normal to that surface, a,,, 
(total stress) or a' . (total effective stress) to 
be described. In terms of total stress, the 
shear strength parameters are cohesion, c, and the angle of internal friction, 0. The 
relationsEp between rand c; when failure occurs on the plane, is given by Coulomb's 
equation in terms of total stress: 
r= c+ otano 
To take account of effective stresses on a plane of failure the Coulomb 
equation as modified by Terzaghi (1943) is used: 
r=C? + 
((7n 
-u. 
) tan 
where u. is the pore water pressure 
(3.14) 
(3.15) 
The two functions c 'and 0 'define the equation for the shear strength as a 
straightline: i. e. tan o- the gradient of the line, and c "=the intercept on the shear 
strength axis. The angle of shearing resistance, 0' relating to effective stresses is a 
measure of internal friction between grains, whilst cohesion is a measure of the 
mutual attraction that exists between clay- and silt-sized particles. 
The assumption of linearity of the failure envelope leads to artificially high 
values for cohesion (c') being determined. At low normal stresses the failure envelope 
is curved, and for normally consolidated samples with no cementation the value of 
cohesion is negligible and can be equated to 0 (Mitchell, 1993). The variation in ý -* ' 
was determined following a procedure described by Marsimovic (1989 & 2003) and 
the non-linear envelopes plotted. Equation 3.15 can be rewritten to take into account 
this non-finearity at low normal stresses and takes the fornu. 
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+ 
AOP 
, +a n 
pn 
Where ý'. is the basic angle of internal friction 
Aý is the maximum angle difference 
P, is the angle of normal stress 
Undisturbed brickearth samples from three sites, Portsmouth 
(3.16) 
(NGR 467350 100570), Hayling Island (NGR 471350 101550) and Barton on Sea 
(NGR 423850 092870) were prepared for shear strength measurement by the direct 
small shear box method under consolidated drained conditions 
(BS1377: 1990: Part7: 4.4). Three samples from each of the three locations were tested 
with normal loads, a,, of 50kPa, 100kPa and MAN- 
One of the shortcomings of this test procedure when compared to triaxial 
compression testing is the inability to monitor pore water pressures, u, that may 
occur within the sample during shearing. To alleviate this potential problem and allow 
the effective strength parameters, c 'and ý 'to be measured, no pore water pressures 
must be allowed to develop during shearing i. e. x, = 0. This requires the sample to be 
sheared at a strain rate that is of sufficiently low magnitude to allow the sample to 
drain freely prior to any pore pressure build up. To facilitate this, the direct shear test 
is carried out in two parts, the first part is a consolidation phase, carried out at the 
same normal load as the second part, the shearing phase. During consolidation the 
change in height or vertical deformation is recorded at given time intervals, this 
allows a graph of vertical deformation against the square root of elapsed time to be 
plotted (Figure 3-3). 
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From this plot the time to 100% consolidation, t, 00, can be calculated using the 
simple graphical method, illustrated in Figure 3.3. The minimum time to failure, rp 
the time for the mobilization of the maximum shear resistance is given by: 
rf = 12.7t, 00 (3.17) 
An estimate of the likely horizontal shear deformation of the specimen at 
failure is made based on engineering judgement or using the values suggested by 
Head (1992) (Table 3.15). The sirain rate can be determined by dividing the 
horizontal shear deformation by the time to failure, and this value is the maximum 
strain rate that should be used during shearing. 
Type of Soil Shear Box Displacement for Maximum Mobilised 
Strength (mm) 
Loose sand 5-9 
Dense sand 2-5 
Plastic clay 8- typical limit of travel of aparatus 
Stiff clay 2-5 
Hard clay 1.2 
Table 3.15 Typical shear box displacement atfailure (after Head, 1992) 
3.3.3 Oedometer consolidation testing. 
Undisturbed samples of brickearth from Portsmouth (NGR 467350 100570), 
Hayling Island (NGR 471350 101550) and Barton on Sea (NGR 423850 092870) 
underwent a series of one-dimensional consolidation tests (oedometer tests) to 
determine the nature and extent of the collapsibility of the material. 
3.3.3.1 Principle of consolidation 
Soils consist of a collection of solid particles between which are voids which 
can be either fuH of air (dry) or M of water (saturated), or a combination of these 
two phases (unsaturated). When a soil is subjected to an external compressive load its 
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volume will decrease. In a saturated soil (i. e. one whose voids contain only fluid and 
no air) this decrease in volume can be attributed to three processes (Head?, 1992): 
a) Compression of the solid grains 
b) Compression of the water within the voids 
c) Escape of the water from between the solid grains 
In inorganic soils compression of the solid grains is small as is the 
compression of the water, so both a) and b) can be ignored in consolidation theory. 
The consolidation of a saturated soil. is due almost entirely on the escape of water 
from between the solid mineral particles. It follows then that the rate at which 
consolidation occurs is dependent on the permeability of the material and the drainage 
conditions at the boundary. Sands with their relatively high permeabilities are liable to 
drain quicker than clays with permeabilities many orders of magnitude smaller and the 
volume change associated with this drainage is equally slow resulting in settlement 
under load taking place over a much longer period. 
The direct quantification of volume change that occurs when a soil undergoes 
collapse is generally obtained by carrying out a series of oedometer tests 
on undisturbed samples. Two types of test procedure have been used: the single 
oedometer collapse test and the double oedometer collapse test; however many 
variations in the test procedure and definitions of collapse potential based on the 
oedometer have been developed (Lutenegger & Saber, 1988). 
3.3.3.2 Single oedometer test 
To assess the collapsibility of the brickearth a series of one-dimensional 
consolidation tests were carried out on undisturbed samples of the brickearth. 
Preparation of the samples followed two different schemes dependent on the type of 
sample, i. e. UIOO or block samples. The UIOO samples were extruded from the Ul 00 
tubes, whilst the block samples were carefWly sliced. Samples were then either air- 
dried for differing periods of time or trimmed and fitted directly into the oedometer 
ring and sealed to prevent moisture loss. Adopting this procedure allowed the effect 
of moisture content to be analysed, and allowing the specimens to attain the required 
moisture content prior to trimming and not extruding them straight into the 
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oedometer ring negated the potential problem of sample shrinkage. 
The test procedure adopted differed from the standard one dimensional 
consolidation test procedure detailed in BS 13 77: 1990: Part 5.2. The main deviation 
from this procedure was that after three incremental loadings at 5 OkPa, I OOkPa and 
200kPa each maintained for a minimum of 24 hours or until the sample reached 
equilibriun-4 the sample was flooded with de-ionised water. The load was then 
maintained at 200kPa for a fixther 48 hours to assess the materials' collapse potential 
and to allow it to reach equilibrium. As it is thought that a large amount of the 
brickearth may have already undergone collapse the samples, were then systematically 
unloaded to I OOkPa and 5 OkPa, and their swelling characteristics monitored. 
3.3.3.3 Data manipulation and the determination of the coefficient ofconsolidation 
(c) and the coefficient of volume compressibility (m) 
The main data measured from each stage of the oedometer testing of the 
samples was the change in sample thickness caused by the change in the applied load. 
This was used to calculate the void ratios of the samples before and during testing 
The test data was collected using an ELE Datalogger, linear displacement transducers 
and the ELE "Datasystems 6" software. 
To determine the relationsIfip between time and settlement, it is first necessary 
to calculate the time taken for 50% consolidation to take place, t5o. This is achieved 
by using a curve fitting technique. Two such methods can be used, but in this research 
the log-time method was employed. 
The construction of the log-time curve fitting method is illustrated in Figure 
3.4. Initially two straight lines, AB & CD are drawn tangentially to the straight 
portions of the curve. At the intersection of these two lines a horizontal line is drawn, 
where it crosses the y-axis represents the point where 100 % consolidation has 
occurred, and is termed dloo. To calculate where the consolidation phase begins, two 
times, tj and t4are used, such that t4= 4t,. Two vertical lines are drawn from tj and t4 
until they intersect the time-settlement curve. From the intersection of the t, line a 
horizontal line is drawn until it intersects the t, line. The distance from point c to time 
settlement curve is the same as the distance from the time settlement curve to the 0% 
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consolidation line do. To fmd the 50 % consolidation line is simply a matter of fmding 
the mid-point between do and dloo, t5o is tile time corresponding to d5o and can be read 
off the x-axis. 
Having determined t5o for a load increment the coefficient of consolidation, c,,, 
can be determined from 
- . 
196d2) 
c v4j. toi 
(3.18) 
Where: d= the mean drainage path length 
(3.19) 
and h, = initial height of specimen 
hf = final height of specimen 
t., O = time to achieve 50% consolidation from log t graph 
The coefficient c,, is expressed in square metres per year (mý/year) such 
that if h is measured in mm and t in minutes Eq. 3.19 becomes: 
(I h2 
cy 
0.197 x 000) 
x 60 x 24 x 36525 t5o (3.20) 
0.1036h 22 
C', - 
t5O m 1year 
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The coefficient of volume compressibility, sometimes known as the modulus 
of volume change, can be defined as the change in volume, per unit volume, per unit 
pressure change, as a result of consolidation due to that pressure change. It can be 
calculated, from the results of the oedometer test, by the equation: 
= 
(Ah 11 
x my 
o) 
x 1000 (3.20) H, 
where: Ah = change in height of sample 
HO= initial height of sample 
AP = change in appUed load 
3.4 Scanning Electron Microscopy 
The scanning electron microscope (SEM) utilizes a very fine probe of 
electrons with energies up to 40 keV. This beam of electrons is focused at the surface 
of the specimen and scanned across it in a "raster" or pattern of parallel lines. A 
number of phenomena occur at the surface of the specimen under electron impact: 
most important of these are the emission of secondary electrons with energies of a 
few tens eV and reflection of the high energy backscattered electrons from the 
prffiu%y beam. The intensity of both the backscattered and reflected electrons is very 
sensitive to the angle at which it strikes the specimen i. e. to topographical features 
upon the surface of the specimen. The emitted electron current is collected and 
amplified; variations in this current strength as the electron probe traverses the 
specimen are used to vary the brightness of the resulting image on the cathode ray 
tube being scanned in synchronism with the electron probe. 
3.4.1 Grain morphology and fabric analysis 
Scanning electron microscopy (SEM) was used to reveal the surface 
morphology of the individual quartz grains that comprise a large fraction of the 
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material. Krinsley & Doornkamp (1973) described different surface textures and 
discussed how they were indicative of specific depositional environments. Using this 
methodology, individual grains from samples collected were carefiffly studied and the 
results used to determine both the possible transport history of the sediment, as well 
as the depositional environment. Scanning electron microscopy was also used to 
investigate any changes in the micro-fabric of the material, pre- and post-collapse. 
3.5 Integration of the Test Data 
To achieve the aims of the research the work utilised the unique approach 
of integrating both the geochernical and geotechnical test data into one coherent data 
set. Past research into the brickearth deposits of southern England has always 
concentrated on one of these areas (Northmore et at 1998, Parks & Rendall, 1992) 
but has singularly failed to look for any relationships between the two. To achieve this 
has required an exhaustive search for correlations between the individual test results, 
which are described in greater detail in the following chapters of this research. Figure 
3.5 illustrates how the individual data sets have been integrated to achieve the aims of 
this research. 
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Chapter 4 Geotechnical Testing 
4.1 Introduction 
In this chapter the results of the geotechnical. testing programme will be 
reported in both tabulated form, and where appropriate as graphical plots. The raw 
data and calculations from the in individual tests are detailed in the appendices. it is 
not intended to discuss the results in terms of the specific aims of this research at this 
stage. This will be dealt with, in greater detail, in later chapters of this work. V 
Prior to testing, all of the samples were designated a unique alpha-numeric 
code to identify them throughout all the testing procedures (Table 4.1) 
Sample 
identi 
Sample site NGR Sample 
Eiddentification 
Sample site 
PWBI-2 Pegwell Bay 636000 164150 POMI-5 Portsmouth 467350 100570 
RECI-2 Reculver Cliff 622500 169450 GOSI-2 Gosport 462550 099300 
HERI-2 Hersden 621250 162300 CCI-2 Chilling Copse 451620 104250 
CBI-2 Canterbury 617200 159780 CFI-2 Chandlers Ford 442650 120680 
MOI-2 Molash 601325 151150 LPI-3 Lepe Point 446050 098350 
BRGI-2 Borough Green 562150 157750 BS 1-2 Barton on Sea 423850 092870 
NFI-2 Norfleet 561050 173850 POI-2 Portland Bill 367850 068330 
OXTI-2 Oxted 539520 139520 CHFI-2 Churston Ferrers 289650 056250 
ARI-2 Arundel 501320 105480 EBCI-2 Elberry Cove 290220 057000 
CLI-2 Climping 500870 100950 HPNI-2 Hopes Nose 294900 063500 
BGl-4 Boxgrove 492650 108320 JC 1-3 Jennycliffe Bay 249200 052500 
FWI-2 Fontwell 495150 108560 BDI-2 Budc 106200 220450 
BOGI-2 Bognor Regis 494150 098880 CKI-2 Crackington 213800 097100 
MDI-2 Middleton 497800 099930 TRPI-2 Trefusis Point 181890 033350 
SSI-2 Selsey 485210 092160 PDPI-2 Pendennis Point 182600 031500 
CHII-2 Chichester 483220 105920 PEN 1-2 Penryn 179150 034450 
CHDI-2 Cbidbarn 478780 104450 GOI-2 Goonhilly Down 172200 021950 
EMSI-2 Ernsworth 474150 106210 LZI-4 Lizard Point 171100 011800 
HYI-4 Hayling Island 471350 101550 JS 1-2 Jersey Channel Islands 
WCI-2 Whitecliffe Bay 465800 087350 ERQI-2 Erquy Brittany 
WB 1-2 Warblington 47315012ý4! 30 
__J 
CONI-2 
r I Concameau Britanny 
Table 4.1 The identification codesfor the material testingprogramme 
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All the samples of brickearth underwent a suite of geotechnical 
characterisation procedures to assess both their: ftmdainental geotechnical 
characteristics and any spatial variations within these properties. To augment these 
data the undisturbed samples were prepared and underwent a variety of tests to assess 
the materials' strength and collapsibility (Table 4.2). 
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Non-cohesive sample 
Table 4.2 Details of the geotechnical testprocedures carried out on the brickearth 
samples 
4.2 Particle-Size Analyses 
The sub 0.425mm fractions of the brickearth samples were prepared and 
underwent granulometric. composition analyses using the "sedimentation method" 
(hydrometer)(BS1377, Part 2: 1990: 9.5). 
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The results of the analyses are graphically presented in Figure 4. I. The results 
illustrate the similarity in the silt-size (2 - 60pm) particle content of the brickearth 
widiin the study area. Variations in both the sand-size and clay-size particle content 
were also revealed, with clay-size particle contents of between 5% and 34% and a 
sand-size particle content of between 9% and 50% (Table 4.3). Considering these 
results in greater detail it is noticeable that the brickearth of Sussex tends to have a 
higher clay-size particle content, whilst that of Hampshire has a higher sand-size 
particle content. A higher degree of variation, in both these parameters, is exhibited 
in the southwestern brickearth. The lowest clay-size particle content was seen in the 
sample of Pegwell Bay loess. This calcified sample consisting of. 85% silt, 7% sand 
and 5% clay-size particle content. 
size range (nun) Particle group sub-size 
from to 
Sand coarse 2 0.6 
medium 0.6 0.2 
fine 0.2 0.06 
Silt coarse 0.06 0.02 
medium 0.02 0.006 
fine 0.006 0.002 
ay <0.002 
Table 4.3. Particle size groups ofsoils (after BS5930,1999) 
It must be pointed out that when discussing "clay-size particle content" that 
this is referring to all the grains that are <2grn. Inevitably this will include some fmely 
comminuted quartz, mica and other mineral phases, and will not solely be composed 
of clay minerals. 
These variations in the granulometric composition of the material can be more 
clearly illustrated when the clay and sand-size particle contents are plotted against the 
sample site NGR eastings, (Figs 4.2 -4.5) and the NGR northings (Fig 4.6)(Table 4.4). 
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Location Grid reference Clay-size 
particle 
content 
(%) 
Sand-size 
particle 
content 
Location Grid reference Clay-size 
particle 
content 
(%) 
Sand-size 
particle 
content 
-aL-, 
Pegwell Bay 636000 164150 5 7 Gosport 462550 098300 19 21 
Reculver 622500 169450 15 12 Chilling 
Copse 
451620 I(M250 17 18 
Hersden 621250 162300 26 6 Lepe Point 446050 198350 16 35 
Canterbwy 617200 159790 23 8 Chandlers 
Ford 
442650 120680 19 30 
Molash 601325 151150 25 7 Barton on 
Sea I 
423850 092870 18 49 
Borough 
Green 
562150 157750 19 17 Portland 
I 
367850 068330 16 14 
Nortlifleet 561050 173850 15 15 Jersey, C. I. Channel Islands 16 23 
Oxted 539520 139520 18 21 Churston 
Ferrets 
289650 056250 30 16 
Arundel 501320 105480 32 6 Elberry 
Cove 
290220 057000 32 17 
Climping 500870 100950 22 15 Hopes Nose 294900 063500 33 1 17 
Boxgrove 492650 108320 34 7 
I 
Jennycliffe 
Bay 
249200 052500 42 15 
Fontwell 495150 108560 27 8 Bude 199000 105500 32 27 
Middleton 497800 099930 23 5 Crackington 218550 100200 18 5 
Bognor 
Regis 
494150 098880 30 17 Pendennis 
Point 
182600 031500 12 60 
Selsey 485210 092160 24 6 Trefiisis 
Point 
181890 033350 15 9 
Chichester 483220 105920 32 18 Penryn 179150 034450 Is 10 
Chidham 478780 104450 22 12 Goonhilly 172200 021950 19 8 
Fmsworth 474150 106210 19 9 Penhiale nhale 190640 057500 18 5 
Hayling 
Island 
471350 101550 23 23 Lizard 
e 
L 
171100 011800 13 12 
Whitecliffe 
Bay 
465800 087350 27 28 Erquy Brittany 11 1 
Portsmouth 
L467350 
100570 22 10 Concameau Concameau Brittany 17 
Table 4.4 Clay and sand-size particle content of some brickearth of southern 
England 
The initial analyses of the particle size variations of the brickearth enabled 
linear trends in the composition to be recognised. There is an increase in the sand- 
size particle content in the Wealden brickearth from the most easterly sample site at 
Pegwefl Bay (NGR 636000 164150). In the Hampshire Basin, again an increase in 
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the sand-size particle content can be recognised but allied to this is a decrease in clay- 
size particle content in a westerly direction. The brickearth from the southwest of 
England which in this case includes the samples from Devon and Dorset, shows no 
easily defiriable trend when analysed in an east to west direction. However, if this 
direction is changed to north-south then once again trends in the granulometric 
composition can be seen. In these samples the sand-size particle content of the 
material decreases in a southerly direction, whilst the clay-size particle content 
increases. The brickearth from Devon and Dorset do not conform to this overall trend 
and form a discrete group of data points. 
4.2.1 Spatial variation and analyses of trends in the granulometric composition of the 
brickearth. 
To analyse the spatial variation and create a statistically robust map of the 
distribution of the granulometric composition of the Hampshire Basin brickearth, 
semi-variogram plots for the sand and clay-size particle content were constructed. 
(Figs 4.7 & 4.8). A semi-variogram is a method of analysing the relationship between 
pairs of sampling points at a given distance in a known directionand is fiffly 
described by Eq. 4.1: 
II [g(x) 
- g(x h)] 
y(h) -"2 
Where g is the value of the measured variable (sand or clay) 
x is the position of one sample in the pair, and; 
x+h the position of the second sample 
The value of the experimental semi-variogram. for as many different values of h as 
possible are calculated and the results displayed graphically. It is usual to plot the 
distance between the pairs of samples along the x-axis and the value of the semi- 
variogram on the y-axis (Clark, 1982).. 
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The parabolic forin of the senfi-variograms in Figures 4.7 & 4.8 are an 
indication of a polynomial-type trend within the distribution of both the sand and clay- 
size particle content. The semi-variogram for the clay-size particle content, in 
particular the plot corresponding to an azhnuth of 90' does not pass through 0 (Fig 
4.8). This effect is referred to as the nugget effect. In theory, yo must equal 0; the 
nugget effect arises because the regionalised variable is so erratic over a very short 
distance that the semi-variogram goes from 0 to the level of the nugget effect in a 
distance less than the sampling distance (Davis, 1986). Before continuing with the 
analysis of this data geostatistically a trend analysis must be carried out. There are 
two reasons for this. Firstly, the calculation and modelling of a seni-variogram is only 
truly valid on data which do not exhibit a trend. To produce a semi-variogram the 
trend should be removed and modelling of the remaining " residuar' variation carried 
out. Secondly, to carry out a geostatistical estimation (Kriging) then the semi- 
variogram of the residual variation and the expected trend are required. 
Standard polynomial trend surface analyses were carried out using the 
Geostokis Toolkit (Clark, 1988). Three types of trend surfaces were fitted to the 
data, the general form of the equations which describe these surfaces are shown in 
Table 4.5. 
Type of trend 
surface 
Description Generalized formula 
Linear A constant dip in a single direction =a+ bx + cy 
Quadratic A bowl or dome shape -a+ bx + cy + dx2 + exy + f? 
Cubic A saddle point =a+ bx + cy + dx2 + exy + fy2 
+ gx' + h? + jLxy + kxyy 
Table 4.5 Description of trend surfacesfitted 
To determine the suitability of each of the fitted trend surfaces an analysis of 
variance (ANOVA) was carried out for both the clay and the sand-size particle 
content data. Tables 4.6 & 4.7 show the results of the ANOVA for the sand and clay 
data respectively. 
92 
Source Sum of squares d. f. Mean square F-ratio 
Linear 238.77 2 119.38 6.11 
Residual 293.23 15 19.55 
Quadratic 333.55 5 66.71 4.03 
Diff. 94.79 3 31.6 1.91 
Residual 198.45 12 16.54 
Cubic 337.25 9 37.47 1.54 
Diff. 3.70 4 0.92 0.04 
Residual 1 Y4. /: ) I z$ 24.34 
Total 532 
1 
17 
Percentage of total sum of squares 
Linear component 44.88 
Quadratic component 62.70 
Cubic component 63.39 
Table 4.6 A nakysis of variance table for the clay-size particle data 
Source Sum of squares d. f Mean square F-ratio 
Linear 1737.42 2 868.71 19.04 
Residual 656.86 15 43.79 
Quadratic 1929.51 5 385.90 9.96 
Diff. 192.09 3 64.03 1.65 
Residual 464.77 12 38.73 
Cubic 1917.23 9 213.03 3.57 
Di ff. -12.28 4 -3.07 -0.05 
esi ua 4//. DD 59.63 
Total 2394.28 17 
Percentage of total sum of squares 
Linear component 72.57 
Quadratic component 80.59 
Cubic component 80.08 
Table 4.7 Analysis of variance table for the sand-size particle data 
The final column in the above tables is a statistical test for the goodness of fit 
of the trend surfaces. It is the ratio of the linear mean square and the residual mean 
square. Under the usual statistical assumptions the statistic in the last column should 
follow an "F" distribution. If the linear trend surface was no improvement over the 
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"no trend surface" then the F-ratio should be around 1. The bigger this figure the 
better the linear surface explains the variation in the sample data. The F-ratio statistics 
for the clay and sand-size particle contents are 6.11 and 19.04 respectively. 
Comparing these values with those from standard statistical tables, if there were no 
trend apparent, values up to 3.68 with 2 and 15 degrees of freedom could be 
expected. The chances of getting a number higher than that is 1%. Therefore, the 
linear trend surface for both the sand and clay-size particle distribution is significant at 
the 1% level. To decide whether the linear trend surface is the best surface to fit the 
data the F-ratios for the quadratic and cubic trend surfaces must be analysed. In the 
right-hand opposite both these fits two figures are present. The first represents the F- 
ratio as before, whilst the second is a measure of the amount of extra variation 
explained by the extra coefficients as the order of trend surface increases. In the case 
of both the sand and clay data with 5 and 3 degrees of freedom values of 28.2 could 
be expected at the 1% level and 9.01 at the 5% level. Therefore for the clay data the 
tables show that such a value could be generated purely by chance one in twenty 
times, so this trend is not significant at the 5% level. Similarly with the sand data the 
quadratic trend surface is not significant at the 2.5% level. Following a similar 
process for the cubic trend surface suggests that like the quadratic surface there is no 
evidence to suggest that either of these fits are better than the linear trend surface. 
The final stage in the creation of a spatial model describing the clay and sand- 
sized particle distribution in the brickearth of the Hampshire Basin, is to fit a model to 
the residual experimental serni-variograin (Figs 4.9 & 4.10). Once a satisfactory 
model has been applied then this and the trend are combined and a Kriging algorithm 
applied to the data to interpolate values between the sampling points. To assess the 
validity of the spatial model, the standard error, the difference between the measured 
and estimated values, is also plotted. The modelled distribution for the sand and clayu- 
size particle distribution are shown in Figures 4.11 and 4.13, and the distribution of 
the error is shown in Figures 4.12 and 4.14. From these plots it is clear that the cast- 
west variations seen in the granulometric composition are a manifestation of a spatial 
decrease in the clay-size particle content and an increase in the sand-size particle 
content. 
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Figure 4.9 Semi-variogram model of the residual valuesfor the sand-size particle 
content qf the Hampshire Basin brickearth 
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Figure 4.1 OSemi-variogram model of the residual valuesfor the clay-size particle 
content of the Hampshire Basin brickearth 
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Due to the number of sampling locations in the other regions of this research, 
it was necessary to adopt a different approach to the investigation of spatial trends. 
In the Wealden area there are insufficient data points to carry out a statistically valid 
analysis of variance on the data. In this case the semi-variograms were plotted for 
both the sa nd and clay-size particle content (Figs 4.15 & 4.16). The parabolic nature 
of the sand curve indicates the presence of a polynomial trend surface associated with 
this data. From this analysis it is only possible to confirm the presence of a trend and 
detemiine the direction of the greatest anisotropy. The azimuth of the greatest 
variance corresponds to the set of data points that form the best parabouc curve on 
the experimental semi-variogram plot. In the Wealden area, two azimuths produced 
parabolic curves for the sand-size particle content, in this case the mid-point value has 
been taken. The same procedure was adopted for the samples from the southwest 
area, again due to insufficient sampling density (Figs 4.17 & 4.18). 
Table 4.8 summarises the results of the analyses of the spatial distribution in 
the composition of the brickearth of southern England. It shows the direction of 
anisotropy for both the clay and sand-sized particle content for each of the areas 
discussed above. These data will be used in later chapters of this work when a model 
of the provenance of the brickearth is developed. 
Area Clay / Sand Tolerance Azimuth of anisotropy 
Wealden 
I 
Clay +1-250 0900 
Sand 25" 075" 
Hampshire Basin Clay 25" 0900 
Sand +/-250 0901, 
Southwest Clay +/-250 1200 
Sand +/- 25" 
120* 
Table 4.8 The proposed azimuthfor the granulometric variations in the brickearth of 
southern England 
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The vanations that have been observed in the granulometric composition 
would have an effect on the geotechnical behaviour of the material and should be 
apparent in the results of the Atterberg limits tests, provided there is no major change 
in the clay mineralogy. 
3.3 Atterberg (Consistency) Limits Tests 
The value of the Plasticity Index, I,, of a soil is dependent on the quantity and 
type of clay minerals present within the soil. As a general rule the finer the soil the 
higher the Ip, however, this may tend to oversimplify the variations that can be 
apparent in a series of 1p results. The type of clay minerals present within the soil will 
also affect the value of the Ip due to their varying ability to absorb and adsorb water. 
Values for the plastic Emit, liquid limit and plasticity index were obtained using a cone 
penetrometer (BS1377 Part 3: 1.5,1990). The results of this analysis are shown in 
Table 4.9. They are also graphically illustrated on a standard soil classification chart 
(Fig 4.19). 
The soil classification chart shows, that generally the samples tested form a 
cluster of data points lying just above or below the A-line. Within this data set it is 
possible to identify the 4 swnple groups, described earlier. Furthermore, a distinction 
can be made between the Hampshire and the Sussex samples of the Hampshire Basin 
group. Included on the chart are the results of tests on some Chinese loess for, at this 
stage, comparative purposes only. 
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Region Sample WL w Region Sample WL W, I 
ýP 
PGBI non cohesi ve MDI 39 18 21 
HERI 41 22 19 FWl 45 it 34 
CANI 43 22 21 BGI 51 20 31 
Wealden REC 1 41 21 20 BG2 55 19 34 
MOSI 36 17 19 CLI 33 10 23 
NFI 30 15 15 ARI 36 9 27 
BGRI 36 16 17 POI 34 17 17 
OXI 25 16 9 JSI 31 20 11 
BSI 33 17 18 Devon CHFI 40 22 18 
LPI 21 15 6 & EBC 1 39 21 18 
LP2 24 15 9 Dorset HPNI 42 28 14 
LP3 30 15 15 JCI 43 27 16 
CFDI 37 23 14 BDI 37 29 8 
Hampshire CCI 39 24 15 BD2 36 28 8 
Basin GOSI 39 20 19 CKI 27 16 11 
POMI 42 17 25 PDPI 37 29 8 
WCBI 38 20 18 TFP 1 38 28 10 
WBI 38 16 22 PENI 3.7 28 9 
HYI 34 15 19 GOI 41 24 17 
HY2 36 16 20 Southwest PNHI 35 25 10 
EMSI 33 14 19 LZI 36 28 8 
CHDI 32 12 20 LZ2 38 28 10 
CHI 40 17 23 EQI 27 20 7 
SSI 35 19 16 CONI 34 26 8 
BOGI 1 39 18 2 L_] L_ I L- I-- L-j 
Table 4.9. Results of the A tterberg consistency limits tests. 
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By referring to Figure 4.19 it is possible to make the following observations 
about each of the brickearth groups. 
4.3.1 Sussex samples of the Hampshire Basin group 
The Sussex brickearth, with one exception, fonn a group that all He above the 
A-line. This group contains the samples with the highest plasticity index (Ip) of those 
tested. The majority of the results, for this group, he within the intermediate plasticity 
range with the notable exception of Boxgrove (sample BG3, NGR 492650 108320) 
which Hes in the high plasticity range. 
4.3.2 Hampshire samples of the Hampshire Basin group 
Like Sussex, the Hampshire brickearth samples also plot above the A-line. 
However, they tend to have a lower I. and fall within the low and lower intennediate 
plasticity range. Notable amongst this group are the samples from Lepe Point 
(sample no's LPI, 2, & 3, NGR 446050 098350) which show an increase in Ip which 
corresponds to an increase in the weathering state of the material that was noted in 
the field. 
4.3.3 Southwest group 
This group consists of data from samples from Cornwall, Brittany and Jersey 
and forms a set of data points that plot above and below the A-line. It is characterised 
by having a low plasticity index, generally 10% or less and Eke Hampshire occupies 
the low to lower intermediate plasticity range on the chart. 
4.3.4 Devon & Dorset group 
This group fonns a tightly packed discrete group of points that plots between 
the T- and A-lines occupying the low to intermediate plasticity range. 
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4.3.5 Wealden group 
The final group plot on or below the T-line but above the A-line it lies in the 
low and intermediate plasticity range. 
Figures. 4.20 - 4.22 illustrate the variation in the plasticity index (Ip) 
associated with the geographic position of the sample site. As expected the results 
closely mirror the results of the particle size analyses, with the increase in clay 
corresponding to an increase in Ip. Analyses of the brickearth of the Hampshire Basin 
(Fig 3.20) identifies a decrease in Ip from east to west, with the samples from 
Boxgrove (NGR 492650 108320) and Fontwell (NGR 495150 108560) exhibiting the 
highest plasticity index. 
Within the Wealden brickearth (Fig 4.2 1) there is a decrease in Ip towards the 
west of the area. However, the most easterly sample of this group from Pegwell Bay 
(NGR 636000 164150) had insufficient clay content to allow this analysis to be 
carried out. As with the granulometric analysis there are no discernable trends in the 
Ip of the southwestern group, but by following the same rationale as adopted in the 
previous analysis and plotting the variation in Ip against distance north and south of a 
line passing through the NGR northing 0000000, two trends can be identified. The 
first of these is: a decrease in Ip from the north, within the Devon and Dorset 
brickearth including the Jersey sample in the south; the second trend, also a decrease 
in the Ip from the north involves the Cornish loess and includes the sample from 
Erquy, situated on the northern coast of Brittany as the southernmost sample. 
The final point to observe from these analyses is to note the similarity in the 
positions of the Chinese samples especially when compared with the southwestern 
group of samples. 
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4.4 Activity Index 
The difference in the Ip of the various brickearth samples can be attributed to a 
difference in the clay mineralogy, a difference in the quantity of clay-size particles 
present in the sample or a combination of the two. Using the activity index it should 
be possible to determine whether these variations are due solely to changes in the 
quantity of clay present, or due to changes in the clay mineralogy of the material. 
If the samples plot on a straight line the ratio of the clay content to plasticity 
index is constant, suggesting a similar mineralogy for all the samples. If however, the 
adverse is true, this would indicate that the clay mineralogy of the material varies 
from site to site. 
To ascertain whether the quantity or type of clay mineral is responsible for 
the formation of the 5 groups described in the previous section, the activity indexes of 
all the brickearth samples have been plotted (Fig 4.23). From this analysis it is clear 
that the Hampshire Basin and the Wealden brickearth share a common clay mineral 
assemblage, and it is the amount of clay that differentiates between the position that 
these two sub-groups occupy on the plot. The Devon, Dorset and southwest 
samples also He on a straight line suggesting a similar, but different from the previous 
-groups, clay particle assemblage. The position of the lines in relation to those plotted 
for the 3 common clay minerals should not be taken as an indication of the clays 
present. However, the relative position of the southwest line to that of kaolinite may 
reflect the feldspatic nature of the Cornish Loess (Catt & Staines, 1982), or may be 
associated with post-depositional processes that have mixed the weathering products 
of the underlying igneous and metamorphic basement rocks with the overlying 
sediment. 
4.5 Other Classification Test Results 
This section covers the results of the linear shrinkage and grain specific 
gravity tests carried in conjunction with the other characterisation tests. The linear 
shrinkage tests mirror the results of the Atterberg limits analyses and the subsequent 
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activity index calculations. As expected, the material from the southwest of England, 
exhibited a lower degree of shrinkage than any of the other samples, confirming the 
difference in the clay fraction of the deposit (Fig 4.24). The grain density, Pd', tests 
were carried out to identify differences in this parameter that may be attributable to 
changes in mineralogy. However, the variations in pd appear to be too small for any 
trends to be identified, and the results were inconclusive, although this parameter has 
been used in the granulornetric composition and consolidation calculations 
(Table 4.10). 
Sample 
ID 
I 
Sample site I Linear 
shrinkage 
VI 
Grain 
density 
-I 
(Mg/rn) 
Sample 
ID 
I Sample site I L 
shrinkage (0/6) 
Gmminn 
density 
(M MI) 
PGBI PegWell Bay 5 2.62 MDI Nfiddleton 7.3 2.69 
HERI Hersden 8.1 2.66 FWI Fordwell 8.0 2.67 
CAM Canterbury 12.0 2.70 BGI Boxgrove 16.0 2.68 
RECI Rcculvcr 10.2 2.67 CLI Climping 6.5 2.66 
BGRI B. Green 9.7 2.65 ARI Arundel 14.4 2.69 
OXI Oxted 8.9 2.68 POI Portland 7.5 2.65 
BSI Barton 8.5 2.60 ist Jersey 1.3 2.66 
LPI Lepe 7.4 2.61 CFI Churston F 2.1 2.67 
LP2 Lepe 12.1 2.59 EBCI Elberry C. 3.6 2.63 
LP3 Lpe 14.6 2.68 Jcl Jennycliffe 3.9 2.65 
CFDI Chandlers F. 8.3 2.61 BDI Bude 2.8 2.62 
CcI Chilling 6.2 2.67 CKI Crackington 3.2 2.63 
GOSI Gosport 8.7 2.59 PDPI Pendennis 2.9 2.67 
POMI Portsmouth 8.4 2.67 TFPI Trefusis 1.4 2.65 
WCBI whitecliffe 12.1 2.65 PENI Penryn 3.9 2.59 
WBI Warblington 11.0 2.69 GOI Goonhilly 4.1 2.68 
M Hayling 10.4 2.61 LZI Lizard 2.9 2.66 
EMSI Ensworth 5.7 2.64 LZ2 Liz" 3.1 2.64 
CHDI Chidham 6.1 2.65 EQI Erquy 1.4 2.61 
SSI, Selsey 6.1 2.67 CONI Concarneau 4.5 2.62 
BRI Bognor P- 13.5 2.69 
Table 4.10 Results of the linear shrinkage and grain specific gravity tests 
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4.6 Strength Determination 
The effective shear strength parameters of the brickearth were determined by 
carrying out a series of small shear box tests on undisturbed samples of the material 
from 3 sites in the Hampshire Basin area (Table 4.11). 
Site SamEle ID code Type shear box test 
I No. of sets of tests 
Hayling Island HYI Consolidated drained 2 
Barton on Sea 
I 
BSI Consolidated drained 2 
Portsmouth POMI Consolidated drained 2 
Table 4.11 Type and number of small shear box tests carried out on the 
Hampshire Basin brickearth 
The rate of strain displacement was calculated using the results of an initial 
consolidation phase as detailed m chapter 2 of this work. An example of a 
consolidation curve and associated construction and calculation is shown in Figure 
4.25 and the results are shown in Table 4.12. 
After initial determination of the peak shear strength parameters, the shear 
box was rewound to its start position and left for 12 hours to allow pore pressure 
equilibrium to be re-established, before reshearing at the same rate of displacement as 
adopted for the initial stage of the test, this procedure was repeated 4 times for each 
sample. This allowed the residual shear strength parameters, c', and 0', to be 
estabhshed. 
A summary of the results of the consolidated drained shear box tests are 
shown in Table 4.13, the strength envelopes are illustrated in Figures 4.26 - 4.28. 
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Sample 
location 
Sample 
no. 
Normal 
load 
(kPa) 
Time to failure, 
if (min) 
Horizontal shear 
deformation (mm) 
Maximum rate of 
displacement (mm/min) 
calculated / setting used 
Portsmouth POI 50 317.5 2.00 0.0063 /0.00488 
100 317.5 2.00 0.0063 /0.00488 
200 317.5 2.00 0.0063 / 0.00488 
P02 so 622.3 2.00 0.0032 / 0.000975 
100 812.8 2.00 0.0025 / 0.000975 
200 203.2 2.00 0.0098 / 0.00732 
Hayling Hyl so 50.8 2.00 0.063 / 0.0394 
Island 100 203.2 2.00 0.0098 / 0.00732 
200 203.2 2.00 0.0098 / 0.00732 
HY2 50 317.5 2.00 0.0063 / 0.0048 
100 317.5 2.00 0.0063 / 0.0048 
200 317.5 2.00 0.006310.0048 
Barton on BSI 50 50.8 2.00 0.063 /0.0394 
Sea 100 317.5 2.00 0.0063 / 0.00488 
200 50.8 2.00 0.063 / 0.0394 
BS2 50 50.8 2.00 0.063 / 0.0394 
100 50.8 2.00 0.063 / 0.0394 
200 317.5 2.00 0.0063 / 0.0048 
Table 4.12 Calculated displacement ratesfor the shear strength testing 
Location Sample no Strength Parameters 
c'(kPa) 0, C) c', (kPa) r OIX) 
Portsmouth POI 23 31 22 33 
P02 20 33 25 33 
Hayling HY1 18 27 19 28 
Island HY2 20 29 21 31 
Barton on BSI is 34 17 32 
Sea BS2 16 33 17 35 
Table 4.13 Results of the shear strength tests carried out on the brickearth before the 
application ofthe non-linearity correction 
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4.7 Oedometer Testing. 
Undisturbed samples of brickearth from Portsmouth (NGR 467350 100570), 
Hayling Island (NGR 471350 101550) and Barton on Sea (NGR 423850 092870) 
underwent a series of one-dimensional consolidation tests (oedometer tests) to 
determine the nature and extent of the collapsibility of the material. Prior to the 
commencement of the tests the samples were air-dried for differing periods of time so 
that any relationship between moisture content and compression characteristics could 
be investigated (Table 4.14). To avoid repetition, examples of the calculations used to 
determine the compression characteristics of the Portsmouth brickearth only, wiU be 
fully described in this chapter. The samples from the other two locations followed 
exactly the same procedure. 
sample 
no. 
1 
ring 
weight 
(9) 
air drying 
time 
(hrs) 
I 
ring & air dried 
soil (g) 
I 
ring and oven 
dried soil (g) 
I 
mositure content 
(0/0 
POI 94.11 FMC* 267.56 239.87 19 
P02 97.42 FMC* 266.46 237.12 21 
P03 96.59 FMC* 269.59 241.97 19 
P04 96.65 FMC* 269.65 236.17 24 
POS 94.11 168 239.95 235.02 4 
P06 98.72 168 245.86 241.57 3 
P07 96.63 24 260.12 248.01 8 
P08 100.01 16 261.28 1 242.73 14 
P09 96.92 3 260.18 
1 
233.96 19ý1 
*- field moisture content 
Table 4.14 Initial moisture content of the Portsmouth brickearth prior to 
commencement of one-dimensional consolidation testing 
The degree of saturation, So, the bulk density, p, and the dry density, p&r 
were calculated for each sample, at the outset and upon completion of the test. Table 
4.15 shows examples of the calculations used to determine these parameters. The 
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void ratio, e, was determined on completion of each stage of the consolidation test 
(Table 4.16). 
Sample no. P06 Air dry Gs = 2.67 
initial (at outset of test) final (on completion of test) 
mass 145.84g 174.94g 
moisture content (w) 3.5% 22% 
Specimen volume (v) cm' 88.03 81.26 
Bulk density (p) 
P-m/V 
p= 145.84/88.03 
= 1.66Mg1m3 
p= 174.94 /81.26 
= 2.16Mg/m, 
Dry density (p,,, ) 
A, =0 00 X PYO 00+w) 
piy =(I 00 x 1.66)/(100 + 3.5) 
- 1.60Mg/M3 
p&y =(100 x 2.16)/(100 + 22) 
IMMg/W 
Initial Void ratio (ed 
e. = (Gslp,,, )-I 
e= (2.67/1.60) -I 
= 0.64 
Height of solids (H) 
H, = H. /I+e. 
H, = 19.4/(1+ 0.64) 
= 11.83 
Final voids ratio (e) 
ef = e. - (ANH) 
ef 0.64- (0.933/11.83) 
0.56 
Degree of saturation (Sd I 
S,, = (w x Gs)1e 
S. = (3.5 x 2.67YO. 64 I= 
14% 
S. (22 x 2.67)/0.51 1= 
1000/0 
11 
Table 4.15 Calculationsfor the determination of void ratio and degree of 
saturation 
bulk 
density 
(MZ/80) 
Initw 
fnal 
dry bulk 
density 
(mg/mj) 
W"final 
void ratio (e) 
load incrernent no. 
inidal 123456789 10 
degree of 
saturation 
(0/0) 
inWal fixd 
error in S, 
final 
calculation 
M 
POI 1.97 2.06 
1 
1.65 1.70 0 59 0-53 O. S7 0-55 0 54 0.55 0.56 0 55 95 100 3 
P02 2.07 2.19 
1 
1.71 1.80 059 0.57 055 054 0.54 0.54 0.54 055 0.54 0.52 0.52 96 100 8 
I P03 IM 2.09 1.64 1.69 0.64 0.60 0.39 0.59 0.56 0.56 0.56 0.57 83 100 9 
P04 2.11 2.14 1.70 1.72 D 57 0 36 0.54 0 53 0.54 0 53 0.56 0.56 0.36 0.34 100 100 12 
P05 1.71 2.15 1.66 1.72 060 0.56 0.55 054 0.45 OAS CIA 19 100 12 
P06 1.66 2.13 1.60 1.74 0 64 0.63 0.62 0.61 0.53 0.54 0.53 14 100 13 
P07 1.85 2.14 1.71 1.73 ). 56 0.52 0.51 o00,49 0.49 0.49 0.52 0.52 39 100 1 21 
Poll 1 1.91 2.05 1.67 1.67 )60 0-54 0.49 0.44 044 0.45 044 0.48 0.45 67 100 36 
=PO9 
1 
1.87 2.02 1 1.57 1.64 D67 0.66 064 063 063 0.63 064 064 74 100 -3 
Table 4.16 Results of the determination of initial and final void ratio (e) and degree 
of saturation (S) 
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The "change in height" data from the oedometer tests was used to determine, 
t5o, the time taken for 50% consolidation to occur, for each of the loading stages of 
the test. This value was then used in the determination of both the coefficient of 
consolidation, c, and the coefficient of volume compressibility, m, 
sample no load increment 
0-50 kN1M2 
CV MV 
load increment 
50-]OOkNlm2 
CY M, 
load increment 
100-2OOkNlm2 
CV mv 
load increment 
200flooded 
CV M, 
Pol 0.96 0.148 0.95 0.152 1.86 0.084 swelling 
P02 0.750 0.145 0.20 0.145 1.33 0.085 0.026 
P03 0.69 0.151 0.90 0.128 1.25 0.072 0.046 
P04 1.19 0.158 1.02 0.200 0.539 0.062 swelling 
P05 >100 0.55 >100 0.16 >100 0.075 0.61 
P06 >100 . 0.12 >100 016 >100 0.064 0.25 
P07 >100 0.55 10 0.036 2 0.105 0.022 
P08 >100 0.74 
1 
10 0.61 0.75 0.338 0.009 
P09 0.90 0.137 
1 1.03 0.156 
1 
0.87 0.071 
1 
0.303 
c, - m'/ year 
m. - MN/M2 
Table 4.17 Calculation of c, and m, for the brickearth samplesfrom Portsmouth 
From Tables 4.15 & 4.16 it can be seen that the initial bulk densities of the 
brickearth ranged from 1.66 Mghný to 2.11 Mg& with an average value of 
1.90MgW . Dry densities 
for the material showed less variation with all the samples 
lying within the range of 1.57Mg/n? and 1.71 Mg& with an average of 1.66Mg/d. 
These results compare favourably with those of southem Essex (Northmore et al, 
1996) who reported average bulk and dry densities of 1.99MgW and 1.68Mghný 
respectively. 
From Table 4.16 it is apparent that the initial void ratio of the material varied 
between 0.56 to 0.67 with an mean initial void ratio of 0.60. From these values it is 
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possible to calculate the porosity of the material, n, using the following relationship: 
(4.2) 
where: 
e= the void ratio 
Using the above equation, the range of porosities of the brickearth has been 
calculated and fies between 36% and 40% with an average porosity of 38%. These 
values are generally lower than those reported by Nordmore et al. (1996) who 
calculated average values of 0.678 and 40%, for void ratio and porosity respectively. 
However, the upper values of porosity are sufficiently high to warrant further 
investigation into the behaviour of the brickearth to determine the collapse potential 
of the material. Feda (1966) suggested that soils with an initial porosity > 40% are 
susceptible to collapse. Calculated values of the coefficient of consolidation (c) and 
coefficient of compression (m) from the oedometer tests are shown in Table 4.17, the 
values calculated for the cv are similar but show a greater degree of variation when 
compared to similar tests carried out on the Essex brickearth. Northmore et al. 
(1996) reported average values, for this parameter, in the region of 90 Mý/year, 
results for the Portsmouth brickearth lie within a range of 0.75 to >I WrOyear. 
A graphical representation of the change in height of the brickearth plotted 
against the applied pressure (Fig 4.29) shows that the air-dried samples do show 
collapse behaviour whilst those at field moisture content (FMC)exhibited increased 
consolidation. A more traditional method of illustrating consolidation data is the plot 
of void ratio against the log of the applied pressure (e vs log p). The e vs log p plots 
for all three samples are shown in Figures 4.30 - 4.32. These illustrate that the air- 
dried samples have a tendency towards collapse upon inundation with deionised 
water, whilst the samples tested at higher moisture contents underwent larger 
amounts of compression prior to inundation. 
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After the initial testing of samples PO I and P02 at field moisture content it 
became necessary to prolong the unloading phase of the test to investigate the 
collapse, initiated after swelling had occurred, at low loads. This was achieved by the 
inclusion of an additional unloading phase, at 5kPa, maintained for a further 48 hours. 
This post collapse behaviour is fiffly discussed in the following chapters of this work. 
4.8 Suitability of Sampling and Testing Techniques 
Before drawing any conclusions from the results of the geotechnical testing 
programme it is necessary to review the suitability and hence the validity of the 
sampling and testing methodologies. 
4.8.1 Sampling techniques 
The undisturbed samples tested were collected using two sampling methods. 
U 100 tubes driven into the ground by a falling hammer during cable percussive 
drilling operations, and hand cut block samples from cliff exposures. The percussive 
driving process inevitably leads to some sample disturbance. BS5930 (1999) 
recommends five quality classes of soil samples based on a system developed in 
Germany. For the determination of the consolidation properties of soils, quality class 
one samples should be used and the recommended sampling technique is an open tube 
sampler. Houston (199 1) concluded, after assessing the merits of block sampling and 
tube sampling, that the differences between the two methods were too small to 
warrant the continued use of block samples for collapse testing. Likewise the effect of 
hammering or pushing of sample tubes was found to be insignificant. However, one 
recommendation that did result from this work was that the length of the sample tube 
should not exceed 350mm as the friction at the tube/soil interface could cause a 
densification of the material during extrusion. Chandler et al. (1992) carried out 
extensive studies on sample disturbance in London Clay and found there was a 
significant increase in the effective stress of tube samples compared with block 
samples. This increase in effective stress was found to be due to the migration of 
porewater from the centre of the sample to the sheared periphery. Chandler et al. 
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(1992) concluded that the effects of disturbance, especially in stiffer clays, was likely 
to vary considerably and lead to the over-optimistic measurement of undrained shear 
strength. In light of these two conflicting arguments it seems likely that sample 
disturbance had some affect on the laboratory test results. However, the results of the 
shear strength testing appears to contradict this or suggests the any effects due to 
sampling disturbance were consistent throughout the sample population, as evidenced 
by the similarity in the results of these tests. There appears to be no obvious 
systematic variations between the results attained from the block samples and the tube 
sample results. 
4.8.2 Sample preparation 
The sample preparation varied between the air-dried and field moisture 
content groups. Houston (199 1) investigated the effects of direct extrusion into 
oedometer retaining rings compared to trimming of the sample. The results of this 
study showed very little effect of sample trimming on the initial dry unit weight 
measurements or on the strains before and after wetting. This research highlighted the 
problems associated with hand trimming samples which contain some gravel, spalling 
of the gravel particles during trimming left voids in the sample -and these required 
careful infilling with fine material. The brickearth material tested contained no gravel, 
therefore, this did not pose a problem. 
4.8.3 Flooding medium 
The problems associated with the use of deionised water as the flooding 
medium has largely been dealt with, in the previous section of this chapter. It has been 
noted that changes in pore-fluid chemistry can alter the shear strength of the clay 
component of the brickearth. To allay these effects the flooding medium should have 
the same chemistry as the pore-fluid. Although this may not be practicable for 
commercial soil testing, the investigators should be aware of the potential affects of 
dilution of pore-fluid could have on the results. 
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In conclusion it is thought that the sampling and sample preparation should 
not have had any large scale effects on the results of the oedometer tests and that any 
such variations in the results are consistent regardless of sample type, and will be 
considered in later analyses of these results. The use of deionised water may have 
modified the material behaviour during initial inundation as the results of work by 
Mellors (1995) reports, but again the results suggest that in the initial inundation 
phase these effects are consistent throughout the sample set or the effects are small. 
However, the post-collapse swelling and collapse phases are believed to be a 
manifestation of pore-fluid dilution and as such would not affect in-situ material. 
4.9 Summary of Geotechnical Test Results 
This section is only intended to summarise the geotechnical test results. A 
ffill analysis and discussion of the implications of specific trends and results will be 
covered in the Mowing chapters of this work. 
4.9.1 Geotechnical characterisation tests 
The particle size analyses has revealed the overall similarity in the 
granulometric composition with silt-size particles dominating the distributions 
(Fig 4.1). The trends that were observed in the clay and sand-size particle content 
(Figs 4.2 to 4.6 ) suggest that a single process was responsible for, or has 
subsequently affected the material. The statistical analyses of the spatial variations in 
the granulometric composition have allowed an azimuth of anisotropy to be 
calculated for each of the sampling sub-areas (Table 4.8). The compositional 
variations in the brickearth are closely reflected in the variations observed in the 
plasticity index (Figs 4.20 to 4.22). Plotting the results on a standard soil 
classification chart (Fig 4.19) demonstrates how the brickearth from various 
geographic areas forms discrete groups of points. The samples from Sussex form the 
group with the highest plasticity indices, whilst those from the southwest of England 
have the lowest values. Generally all the samples He on or above the A-Line in the 
low and intermediate plasticity ranges. Skempton's Activity Index (Fig 4.23) infers a 
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conunon clay mineralogy for the majority of the brickearth of southern England, the 
exception being the southwestern samples which lay on a line with a shallower 
gradient. This suggests that there is higher proportion of the less active clay minerals 
present in these samples. 
4.9.2 Material strength determination 
The shear strength parameters were determined for three samples of 
brickearth from the Hampshire Basin. Samples from Portsmouth 
(NGR 467350 100570), Hayling Island (NGR 471350 101350) and Barton on Sea 
(NGR 423850 092870) underwent consolidated drained shear box testing. 
The shear box tests Mustrated the overaU sinfflarity in the shear strength 
parameters of the samples tested (Table 4.13). There was no systematic difference 
observed between the peak and residual parameters (Figures 4.26-4.28). The values 
recorded for the peak shear strength parameters ranged in value from 16 kPa to 23 
kPa and 27to 34"for cohesion, c, and angle of internal friction, 0, respectively. 
Whilst, values for the residual shear strength parameters of 19 kPa to 25 kPa and 280 
to 35* were recorded for c ", and 0', respectively (Figs 4.26 to 4.28). These strength 
parameters are one of the input variables required to determine changes in shear 
strength due to changes in degree of saturation, which is fully described in chapter 6 
of this work. 
4.9.3 The one-dimensional oedometer tests 
The one-dimensional oedometer tests were carried on samples of brickearth 
from the same locations as those used during the shear strength testing. The samples 
were tested at differing initial moisture contents to investigate any relationships 
between moisture content and compression. (Table 4.14). To assess the collapsibility 
of the material the samples were inundated with deionised water whilst under an 
applied load of 200 kPa. The results show that collapse can be initiated under very 
specific moisture content conditions (Figures 4.30-4.32). The rate at which, and the 
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amount of compression of the sample seems to be dependent on the moisture content 
and hence the degree of saturation of the brickearth. The reason for this variation in 
the behaviour of the brickearth appears to be associated with the increase in shear 
strength of the material, associated with larger values of matric suction, induced as a 
result of the air-drying of the sample. 
These tests also revealed an interesting post-collapse phenomenon. The 
samples that were tested at field moisture content, when unloaded with an applied 
load of 5kPa underwent a degree of swelling before collapsing with no increase in the 
applied load. The samples tested at different moisture contents, ie had undergone 
some degree of air drying, did not exhibit this collapse phenomenon. Therefore, is it 
thought that some degree of fabric modification, associated with the drying of the 
material, or changes in the porewater chemistry must have prevented this from 
occurring in the air-dried specimens. 
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Chapter 5 Geochemical and Other Deterministic 
Testing 
5.1 Introduction 
Running concurrently with the geotechnical testing progranune, a suite of 
geochernical analyses were undertaken. The results of these analyses are reported in 
the following sections of this chapter. These include the geochernical analyses of the 
brickearth and a limited analysis of the pore-fluid chemistry, the determination of 
regional variations in the clay mineralogy and an investigation into the fabric and grain 
morphology. 
All the samples underwent major and trace element analyses by X-ray 
fluorescence (XRF) whilst selected samples were analysed using X-ray diffraction 
(XRD) to determine their clay n-dneralogy, or more importantly regional variations in 
their clay n-dneralogy. Appendix 6 details the extent of the two test procedures. The 
collapse behaviour of the brickearth, identified during the geotechnical testing and 
reported in the previous chapter, underwent ftirther investigation with the analysis of 
the pore-fluid geochemistry. Scanning electron microscopy was used to study pre and 
post-collapse changes in the micro-fabric of the material, as well as the surface 
morphology of quartz sand- and silt-sized grains. 
In this chapter the results of the geochemical analytical and other deterministic 
tests are reported and any spatial trends in the material identified. A full discussion of 
the results and their ramifications to both the geotechnical behaviour and as a 
potential source of data to help determine the provenance of the material are fully 
discussed in chapters 6 and 7 respectively. 
5.2 X-Ray Fluorescence (XRF) 
Samples of brickearth from across the study area underwent major and trace 
element analyses. The geochernistry of the brickearth were obtained by analysing 
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crushed powder peUets using a Philips PW-1480 fiffly-automated spectrometer. 
Analytical uncertainties are ± 2% for all major oxides except P20, and MnO which 
may occasionaUy attain± 10% for very low concentrations. 
5.2.1 Major and trace element analyses 
The ma or and trace element analyses of all the brickearth samples revealed i 
the geochemistry of the material to be dominated byS'02, with lesser amounts of 
A1203, Fe203, K20 and MgO with the other major elements rarely exceeding 1.5%. 
(Figs 5.1 & 5.2). 
To assess the variation within the range of individual elements a value termed 
the percentage variation was calculated for the major elements, using the following 
method. 
%var 
tool; 
-o x 100 * 01, 
So that for SiO2equation 5.1 becomes: 
% var 
IiO2 
=(I-x 100 
= 29.5% 
Table 5.1 shows the percentage variation values of the major elements. The 
largest variation was associated with CaO and is probably a result of the sample sites' 
proximity to the chalk outcrop in the area. However, large variations are apparent in 
all the elements, to investigate these variations in greater detail the regional variations 
were calculated, using the same method as before, but this time dividing the study 
area into smaller geographical areas based on the groupings identified in the 
geotechnical testing. 
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C) CD (D CD (D C> C> C) CD 00 IZ 
SiO2 A1203 Fe203 M90 CaO Na2O K20 Ti02 MnO P, 05 
% 
variation 
29.5 47.3 I 75.0 80.2 98.9 80.3 1 64.4 67.4 89.3 91.1 
11 
Table 5.1 Percentage variation ofthe major element concentrations 
Table 5.2 shows the values of the percentage variation for the Wealden, 
Hampshire Basin, Devon and Dorset, and the southwestern brickearth 
groups. 
SiO2 A1203 Fe2O3 MgO CaO NaO K20 TiO2 MnO P201 
Wealden 18.1 18.4 25.8 37.4 78.2 83.1 35.2 32.0 95.1 50.3 
Hampshire 
Basin 
19.7 43.9 
I 
59.5 44.3 
I 
84.5 
I 
67.0 43.5 44.4 
I 
85.2 82.9 
Devon & 
orset 
19.3 44.4 55.6 29.5 64.5 34.1 41.6 39.7 85.7 66.7 
II 
Southwestem_ 20.3 37.8 52.8 65.1 93.5 38.6 56.6 
1 
67.4 75.0 26.6 
1 
Table 5.2. Percentage variation ofthe major element concentrationsfor the 
regional brickearth groups 
The values of the regional percentage variations in the major element 
composition of the brickearth are generally less than those calculated for all the 
samples. This may indicate that local factors have affected geochernical composition 
of the material and justifies the results of the analyses being treated initially as four 
separate data sets. 
5.2.2. Wealden brickearth 
Eight samples of brickearth from Wealden area underwent major and trace 
elemental analyses to determine if any relationships could be identified (Table 5.3). 
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sample 
no. 
sample site N. G. P, sample 
no. 
I 
sample site N. G. PL 
PWBI Pegwell Bay 636000 164150 MOI Molash 601325 1511350 
RECI Reculver Cliff 622500 169450 BRGI Borough Green 562150 157750 
HRDI Hersden 621250 162300 NFI Northfleet 561050 173850 
CANI 
. 
Canterbury 617200 159780 OXTI Oxted 539520 IL9520_j 
Table 5.3 Sample site locationsfor the Wealden brickearth 
5.2.21 Major element analyses 
Initially each of the major elements were plotted against sample site National 
Grid Reference (NGR) Eastings and Northings to deterniine it like the granulometric 
composition, trends in elemental content were present in the brickearth The major 
element analyses of the Wealden brickearth illustrated the overall similarity in the 
geochemistry of the material with the greatest variations associated with Cao and 
MnO (Fig 5.3). However, when all the major element concentrations were plotted 
individually against sample site NGR Eastings and Northings, no trends could be 
clearly identified. 
5.2.22 Trace element analyses 
The results of the trace element analyses of the Wealden area could only 
establish one very speculative trend (Fig 5.4). However, if the Pegwell Bay sample 
(NGR 636000 164150) is removed from the analysis the correlation coefficient 
increases from 0.1338 to 0.7270 (Fig 5.5). 
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Figure 5.3 The major element analysis ofthe Wealden brickearth 
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Figure 5.4 The trace element analysis of the Wealden brickearth 
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5.2.3 The Hampshire Basin brickearth 
The major element geochemistry of samples of the Hampshire Basin 
brickearth (Table 5.4) were analysed and the results plotted against sample site 
NGR Eas&gs and Northings to investigate any relationships that may be evident 
within the geochemical composition of the material. 
sample 
no. 
sample site N. G. P, sample 
no. 
I 
sample site N. G. PL 
BSI Barton on Sea 423850 092870 CHDI Chidham. 478780 104450 
LPI Lepe Point 446050 098350 CFH I Chichester 483220 105920 
CFI Chandlers 
Ford 
442650 120680 SSI Selsey Bill 485210 092160 
CCI Chilling 
Copse 
451620 104250 MDI Middleton 497800 099930 
GOSI Gosport 462550 098300 BOG I Bognor Regis 494150 098880 
POMI Portsmouth 4670350 100570 FWI Fontwell 495150 108560 
WCI Whitecliffe 
Bay 
465800 087350 BGI Boxgrove 492650 108320 
HYI Hayling 
Island 
471350 101550 CLI Climping 500870 100950 
EMSI Emsworth 474150 106210 j ARI Arundel 
_ 
I 501320 105482_j 
Table 5.4 Sample site locations of the Hampshire Basin brickearth 
5.2 3.1 Major element analyses 
Figure 5.6 graplically illustrates the major element composition of the 
Hampshire Basin brickearth. A close similarity in the geochernistry of the material is 
evident with the largest variations associated with calcium (CaO), magnesium (MgO) 
and sodium (Na2O). These three elements represent the soluble salts within the 
material and could be easily leached out of the brickearth upon weathering and 
therefore may prove to be useful in the determination of the weathering condition of 
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the materiaL 
Of the major elements, T'02 exhibited the most obvious linear trend. The TiO2 
content of the Hampshire Basin brickearth decreased in an easterly direction (Fig 
5.8). The lowest value for the Ti02content seen in the Hampshire Basin group was 
associated with the sample from Barton on Sea (NGR 423850 092870) at the western 
extent of the area, but interestingly this value is still higher than any values seen in the 
Wealden brickearth. 
5. Z3.2 Trace element analyses 
The overall similarity in the trace elemental content of the Hampshire Basin 
samples is illustrated in Figure 5.7. Following a similar procedure as that adopted for 
the major elements, the trace elemental concentrations were analysed and the results 
were plotted against the sample site NGR Eastings. This revealed the linear trends 
associated with zirconium (Zr), chromium (Cr) and niobium. (Nb) (Figs 5.9-5.11). 
Like T'02 these three trace elements exhibit distinct linear trends that illustrate the 
reduction in their concentration towards the west of the area. Similarly the lowest 
value of Zr, in the Hampshire Basin area, is higher than any values recorded from 
samples to the east in the Wealden group. 
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Figure 5.6 The major element analysis of the Hampshire Basin brickearth 
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Figure 5.7 The trace element analysis of the Hampshire Basin brickearth 
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5.2.4 Devon and Dorset brickearth 
Five samples of brickearth from Devon and Dorset underwent major and trace 
element analyses (Table 5-5) 
sample 
I 
sample site N. G. R. sample sample site N. G. K 
no. no. 
JCI Jennycliffe 249200 052500 EBCI Elberry Cove 290220 057000 
Bay 
HPN I Hopes Nose 294900 063500 CHFI Churston 289650 056250 
I I 
Ferrers 
POI Portland Bill 
1 367850 068330 1 
Table 5.5 Sample site locations of the Devon and Dorset brickearth 
Once again spatial trends in the major and trace element geochemistry of the 
material were investigated by plotting the elemental content of the individual samples 
against the sample site NGR Eastings and Northings. 
5. Z 4.1 Major Element analyses 
The major element analyses of the Devon and Dorset sub-group once again 
indicate the overaU similarity in the geochernical composition of the brickearth from 
this group (Fig 5.12). However, as only five samples form the Devon and Dorset 
sub-group, care must be taken when investigating trends in such a small sample 
population. It would be easy to discern trends where none may exist. Even taking this 
into account, a trend in the T'02 content is apparent (Fig 5.14), but interestingly it has 
now been reversed, i. e. there is an increase in the T'02 content in a westerly direction 
west of Portland (NGR 367850 067950). Other major elements that may be showing 
linear trends are, a decrease inS'02and decrease in MgO both in a westerly direction. 
The magnitude of the variation seen in the Si02 is smaU compared to that of the 
Hampshire and Sussex group possibly indicating a decrease in the variation in the 
quartz content of the deposits of Devon and Dorset. A120, increases within the group 
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suggesting an increase in the alumino-silicate mineralogy of the brickearth. 
5.2 4.2 Trace element analyses 
The trace element analyses of the Devon and Dorset brickearth (Fig 5.13) 
shows the general similarity in the trace element concentration of the Devon and 
Dorset sub-group. However, greater variations in copper (Cu), rubidium (Rb), 
chromium (Cr) and vanadium (V) are apparent in this group than were seen in the 
samples from east of this area. 
Again adopting the same methodology as that undertaken for the Hampshire 
Basin group spatial trends in the Devon and Dorset group of specimens were 
investigated. As was seen in the trace element analyses of the previous group linear 
trends are apparent in zirconium and chromium (Figs 5.15 and 5.16). Zirconium 
decreasing and chromium increasing to the west of the Portland sample site. This 
decrease in zirconium follows the general trend seen to the east of Portland. 
However, the increase in chromium is a reversal of the trend observed to the east, this 
is particularly obvious as the chromium content almost doubles from approximately 
80ppm at Barton on Sea to 150ppm at Portland. 
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Figure 5.12 The major element analysis ofthe Devon and Dorset brickearth 
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Figure 5.13 The trace element analysis of the Devon and Dorset brickearth 
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5.2.5 Southwest brickearth 
Nine samples form the southwestern brickearth group, they include samples 
from CornwaR and western Devon and were augmented with data from Jersey CI and 
Erquy on the northern coast of Brittany, France (Table 5.6). 
sample 
no. 
sample site N. GR Samp 
le no. 
sample site N. G. R. 
LZI Lizard Point 171100 011800 CKI Crackington 218550 100200 
GOI Goonhilly 
Down 
171100 021950 BDI Bude 199000 105500 
PENI Penryn 179150 034450 isi Jersey Channel Islands 
PDP Pendermis 
Point 
182600 031500 EQI Erquy Brittany 
TRPI Trefusis Point 181890 033350 
Table 5.6 Sample site locations of the southwest brickearth 
Linear trends in the major and trace geochemistry were investigated as with 
the previous groups. 
5.2 5.1 Major element analyses 
The major elemental analyses of the southwestern group of samples revealed a 
greater variation in the major element geochemistry of the material than seen in the 
previous groups (Fig S. 17). The largest of these variation were associated with 
manganese (MnO) and calcium (CaO). Plotting the S'02 against the sample site NGR 
Northings revealed a increase in this element in a northerly direction.. This increase in 
the SiO2 content may reflect the underlying geology of the area. The samples from the 
Lizard Peninsular (NGR 171100 011800) contained the lowestS'02content, the 
underlying geology of this area consists largely of serpentine which contains no 
quartZ. Whereas the samples taken from finther to the north of the area have a 1-- - 
greater Si02 content which may be due to the influence of the southwestern granites. 
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The trends observed in the TiO2 content, in the areas to the east, were no longer 
apparent within this group of samples. 
5.2.5.2 Trace element analyses 
The trace element analyses of the southwestern group showed the highest 
variation in the trace element concentrations (Fig 5.18). The highest of these 
variations being associated with chromium (Cr), vanadium (V) and zirconium (Zr). 
These analyses also revealed trends in niobium. (Nb), nickel (Ni) and chromium (Cr). 
An increase in the niobium content of the material was observed in a northerly 
direction (Fig 5.19), whilst the chromium and nickel content showed a general 
increase in both southerly and westerly directions, suggesting that the true azimuth 
for this trend would he somewhere in between south and east (Figs 5.20 to 5.23). 
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Figure 5.17 The major element analysis ofthe southwestern brickearth 
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Figure 5.18 The trace element analysis of the southwestern brickearth 
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5.2.6 Spatial variation and analyses of trends in the geochernical composition of 
the brickeartlL 
The spatial variation and distribution of the major and trace elements were 
analysed following a similar procedure as that adopted for the sand and clay-size 
particle content, descrilbed in chapter 4. As with the granulometric composition the 
full analysis, including a polynomial trend surface analyses, could only be carried out 
on the major and trace elements of the Hampshire Basin area. In the other regions the 
azimuth of anisotropy could only be deduced from the plot of the experimental serni- 
variograms. The azimuth being coincident with the direction that produced the best 
parabolic curve on the experimental semi-variogram plot. In the Devon and Dorset 
area even this abridged analyses is statistically invalid due to the limited data points 
within this area. Therefore, no spatial analysis of trend could be carried out in this 
area. 
In the Hampshire Basin group of samples, I major element, TiO., and 3 trace 
elements, Zr, Cr and Nb exhibited directional trends. The semi-variogram plots of 
these four elements show the characteristic parabolic shape indicative of the presence 
of a polynomial trend within the data (Figs 5.24-5.27). Trend surface analyses of 
these elements was carried out using the Geostokos Toolkit (Clark, 1992) 
and the results of the analysis of variance is shown in Tables 5.7-5.10. 
Source Sum of squares d. f Mean square F-ratio 
Linear 0.18 2 0.09 57.01 
Residual 0.02 15 0.06 
Quadratic 0.19 5 0.04 23.25 
DHT 0.00 3 0.00 0.97 
Residual 0.02 12 0.00 
Cubic 0.19 9 0.02 8.12 
Diff. 0.00 4 0.00 -0.10 
Residual 0.02 8 0.00 
Total 0.21 17 
Percentage of total surn of squares 
Linear component 88.37 
Quadratic component 90.64 
Cubic component 90.14 
Table 5.7 Analysis of variance of the TiO2 content of the Hampshire Basin 
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Source Sum of squares d. f Mean square F-ratio 
Linear 88960.50 2 4480.25 39.77 
Residual 16775.50 15 1118.37 
Quadratic 91346.00 5 18269.28 15.23 
Diff. 2385.50 3 795.17 0.66 
Residual 14390.80 12 1199.17 
Cubic 89964.00 9 9996.00 5.07 
Diff -1382.00 4 -345.50 -0.18 
Residual 15772.00 8 1971.50 
Total 1 105736.00 1 17 j 
Percentage of total sum of squares 
Linear component 84.13 
Quadratic component 86.39 
Cubic component 85.00 
Table 5.8 Analysis of variance of the zirconium content of the Hampshire Basin 
Source Sum of squares dLE Mean square F-ratio 
Linear 3350.00 2 1675.00 3.94 
Residual 6420.00 15 428.00 
Quadratic 4490.20 5 898.06 2.04 
Diff 1140.28 3 380.89 0.86 
Residual 5279.72 12 439.98 
Cubic 4883.22 9 542.38 0.89 
WE 392.94 4 98.23 0.16 
Residual 4886.78 8 618.85 
Total 9770.00 17 
Percentage of total swn of squares 
Linear component 34.29 
Quadratic component 45.96 
Cubic component 49.98 
Table 5.9 Analysis of variance of the chromium content o the Hampshire Basin ýf 
Source u Sum of squares d. f Mean square F-ratio 
Linear 
f 
179.41 2 89.70 18.26 si 
dua1 Re 79.70 15 4.91 
Quadratic 192.10 5 38.42 7.56 
WE 12.69 3 4.23 0.83 
Residual 61.01 12 5.68 
Cubic 
1 
213.15 9 29.68 4.74 
WE 21.06 4 5.26 1.05 
Residual 39.96 8 4.99 
Total 1 253.11 1 17 
Percentage of total sum of squares 
Linear component 70.88 
Quadratic component 75.89 
Cubic component 84.21 
Table 5.10 Analysis of variance of the niobium content of the Hampshire Basin 
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From the preceding tables it is clear that significant trends exist within the 
Ti02, Zr and Nb data. However, the result of the Cr analysis is less convincing. This 
may have been due to the effect of the low value recorded at the Arundel site 
(NGR 50 1320 105480)(Fig 5.10). Having determined the presence of trends within 
the data, some care must be taken in selecting the type of trend surface to fit to the 
data. For T'02 and Zr fitting a linear trend surface has reduced the variation in the 
samples by a factor of 57.01 and 39.77 respectively. A quadratic surface will also 
reduce the variance of both of these data sets, but a comparison between the 
quadratic surface and the linear surface indicates that only 0.97 and 0.66 more 
variation is explained by the three extra coefficients in the quadratic model. Both 
these figures are not significant and could be encountered purely by chance. 
Therefore, the experimental semi-variograms will be calculated using the residual 
values from a linear trend surface for both the Ti02 and Zr data (Figs 5.28-5.29). 
The Cr and Nb data is less clear cut, in these cases a different, more intuitive, 
approach has been used. By calculating the residuals from each order of trend surface, 
plotting the experimental semi-variograms of each and visually comparing the results. 
When a sufficient order of trend has been fitted to the data, the parabolic rise in the 
data should disappear from the graph. If too high a trend is selected, the graph will 
turn downwards. Once again, in both the Cr and Nb data sets a linear trend produced 
the best results (Figs 5-30-5.31). Figures 5.32-5.39 show the spatial distribution of 
these elements and the error associated with these analyses. 
The experimental semi-variograms for the elements from the Wealden and 
southwest regions, where only the abridged analysis could be carried out are 
illustrated in Figures 5.40-5.43. The results for all the spatial analyses are displayed in 
Table 5.11 at the end of this section. 
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Figure 5.28 Semi-variogram model of the residual valuesfor the 7710, content 
of the Hampshire Basin brickearth 
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Figure 5.29 Semi-variogram model of the residual valuesfor the zirconium 
content of the Hampshire Basin brickearth 
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Figure 5.30 Semi-variogram model of the residual valuesfor the chromium 
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Region Element Proposed Azimuth (+/- 30*) 
Wealden 
1 
Zirconium 901, 
Titanium (TiOý go,, 
Hampshire Basin Zirconium (Zr) 900 
Chromium (Cr) 60* 
Niobium (Nb) 900 
Niobium (Nb) 1200 
Southwest Chromium (Cr) 150" 
Nickel (Ni) 120 0 
Table 5.11 The Azimuths of the spatial trends identified within the geochemical 
analyses of the brickearth of southern England 
5.3 Statistical Analyses of the XRF Compositional Data 
The traditional method of analysing the interdependence of aD part 
composition has been through product-moment covariances or correlations of the 
crude components. However, there are many difficulties associated with this form of 
analysis and many workers have expressed these difficulties (Chayes, 197 1; Le 
Maitre, 1982). It is not proposed to discuss the problems associated with this method 
of analysis, but should the reader require more information then Aitchison (1986) 
discusses them in some depth. 
To analyse the compositional data, from the major element analysis, the 
approach pioneered by Aitchison (1986) and presented as a matrix of means and 
variances of log-ratios of the major oxide compositional data were utilised. Initially 
the major element compositional data for the whole data set was analysed using this 
method, and subsequently the 4 individual sub-groups (Tables 5.13 - 5.17). 
Where: 
log-ratio variance ru = var[log(x/x))] (5.2) 
log-ratio mean 40 = E[log(x/x, )] (5.3) 
and the matrix has the form: 
186 
23.......... dD 
'CI2 'C13 'CID 
2 ý12 123 'C2D 
3 ý13 ý23 
d ýId ý2d ý3d 
D ýID 42D 43D 4dO 
and where 1,2 ... ...... d are the major oxides and xi x, 
are th e percentages of each oxide in the different samples. 
Table 5.12 The form of the compositional variation array (after Aitchison, 1986) 
SiO2 A1203 Fe2O3 M90 cao Na. 0 
1 2 3 4 5 6 
1 0.0092 0.0228 0.0251 0.1919 0.0479 
2 0.7246 0.0097 0.0178 0.2043 0.0438 
3 1.1871 0.4625 0.0120 0.1839 0.0517 
4 1.7341 1.0095 0.5470 0.1533 0.0454 
5 2.1316 1.4070 0.9445 0.3975 0.2665 
6 2.0707 1.3461 0.8836 0.3366 -0.0609 
7 1.9367 1.2121 0.7495 0.2025 -0.1949 -0.1340 
8 3.0533 2.3287 1.8661 1.3191 0.9216 0.9826 
9 1.5428 1.8192 0.3557 -0.1913 -0.5888 -0.5279 
NEANS 
TiO2 MnO K20 
7 8 9 
0.0149 0.1111 0.0103 
0.0120 0.0979 0.0098 
0.0117 0.0811 0.0260 
0.0196 0.0878 0.0259 
0.1873 0.1939 0.2072 
0.0425 0.1328 0.0419 
0.0935 0.0243 
1.1166 0.1028 
-0.3939 -1.5105 
Table S. 13 Log-ratio means and variancesfor the brickearth of southern England 
SiO2 A1203 Fe-203 Mgo CaO Na2O TiO2 MnO K20 
1 2 3 4 5 6 7 8 9 
1 0.0030 0.0039 0.0074 0.3681 0.0326 0.0061 0.1591 0.0031 
2 0.7429 0.0004 0.0032 0.0755 0.0369 0.0062 0.1615 0.0046 
3 1.2271 0.4841 0.0039 0.0666 0.0427 0.0086 0.1651 0.0064 
4 1.6667 0.9236 0.4394 0.0912 0.0326 0.0049 0.1550 0.0066 
5 1.7481 1.0051 0.5210 0.0815 0.1863 0.1050 0.2380 0.0972 
6 2.1184 1.3755 0.8913 0.4519 0.3704 0.0193 0.1406 0.0293 
7 1.9826 1.2397 0.7555 0.3161 0.2346 -0.1358 0.1518 0.0080 
8 2.8481 2.0152 1.6210 1.1815 1.1001 0.7297 0.8655 0.1553 
9 1.4937 0.7508 0.2666 -0.1728 -0.2543 -0.6247 -0.4889 -1.3544 
MEANS 
r1 
c, j 
Table S. 14 Log-ratio variancesfor the Wealden brickearth 
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S'02 A1203 Fe2O3 mgo CaO Na2O TiO2 MnO K20 
1 2 3 4 5 6 7 8 9 
1 0.0055 0.0156 0.0193 0.1738 0.0410 0.0032 0.0713 0.0055 
2 0.7432 0.0048 0.0099 0.1611 0.0548 0.0063 0.0040 0.0052 
3 1.2061 0.4629 0.0104 0.1359 0.0608 0.0111 0.0420 0.0124 ; 0. 
4 1.7648 1.0217 0.5588 0.1370 0.0480 0.0200 0.6507 0.0074 z 
5 2.1199 1.3767 0.9138 0.3551 0.0342 0.1467 0.1521 0.1682 CA 
6 2.1176 1.3745 0.9115 0.3528 -0.0023 0.0516 0.1068 0.0351 
7 1.9980 1.1548 0.6919 0.1331 -0.2219 -0.2196 0.0565 0.0097 
8 3.0835 2.3403 1.8774 0.3186 0.9636 0.9659 1.1855 0.0661 
9 1.5385 0.7953 0.6648 -0.2263 -0.5814 -0.5791 -0.3595 -1.5450 
NEANS 
Table 5.15 Log-ratio variances of the Hampshire Basin brickearth 
SiO2 A1203 Fe2O3 mgo CaO Na2O TiO2 MnO K20 
2 3 4 5 6 7 8 9 -eý > 
0.0110 0.1511 0.0058 0.0246 0.0014 0.0095 0.0955 0.0205 
2 0.6392 0.0051 0.0142 0.0521 0.0194 0.0013 0.0598 I 0.017 
3 1.0412 0.4022 0.0157 0.0714 0.0379 0.0072 0 0555 0 0276 
4 1.6552 1.0161 0.6139 0.0417 0.0145 0.0159 . 0.0962 . 0.0325 
5 2.3901 1.7511 1.3489 0.7349 0.0274 0.0472 0.1029 0.0256 
6 1.8777 1.2387 0.8365 0.2225 -0.5124 0.0200 0.1131 0.0287 
7 1.8559 1.2168 0.8146 0.2007 -0.5342 -0.0218 0.0655 0.0163 
8 2.8540 1.6612 1.8127 1.1988 0.4638 0.9762 0.9981 0.0441 
9 
. 
1.4992 0.8602 0.4579 -0.1560 -0.8909 -0.3785 -0.3567 -1.3548 
MEANS 
"Fable 5.16 Log-ratio variancesfor the Devon and Dorset hrickearth 
S'02 A1203 Fe203 M90 CaO Na2O TiO2 MnO KO 
1 2 3 4 5 6 7 8 9 
0.0089 0.0288 0.0442 0.2992 0.0082 0.0303 0.1020 0.0120 
2 0.6311 0.0312 0.0446 0.2992 0.0022 0.0318 0.0922 0.0140 
3 1.0536 0.4225 0.0041 0.1747 0.0270 0.0097 0.0373 0.0591 
4 1.5611 0.9301 0.5076 0.1294 0.0401 0.0133 0.0230 0.0773 
5 2.0707 IA396 1.0171 0.5905 0.2815 0.1709 0.0990 0.3698 
6 1.7786 1.1475 0.7250 0.2174 -0.2921 0.0253 0.0928 0.0174 
7 1.7651 1.1341 0.7115 0.2040 -0.3055 -0.0134 0.0405 0.0666 
8 2.9533 2.3222 1.9000 1.3921 0.9826 1.1747 1.1881 0.1345 
9 1.4256 0.7946 0.3721 -0.1355 -0.6450 -0.3529 -0.3395 -1.5276 
MEANS 
Table 5.17 Log-ratio variancesfor the southwestern brickearth 
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Tables S. 13 - 5.17 show the compositional variation arrays for the southern 
England, the Wealden, the Hampshire Basin, the Devon and Dorset, and southwest 
brickearth respectively. The top right triangular array of values represents the relative 
variation between two major elements. V&Ust, the bottom left array of values 
represents the mean ratios between two elemental components of the material. Low 
values for the log-ratio variances indicates a similarity in the composition of the 
sample group i. e. -r. -0 the smaller the relative variation between S'02 and A1203. 
The values of the log-ratio means can be used to study variations in the composition 
between the sub-groups. 
Studying these arrays both individually and comparatively illustrates the 
overall similarity in the elemental composition of the brickearth of southern England. 
This confmns the impression revealed in the graphical representations of the 
composition of the material. Generally, although not always, the log-ratio variances 
are smaller when the analysis is carried out on samples from within one sub-area. The 
highest variances are associated with MnO and CaO, this also confirms what was 
observed in the graphical representations. 
If the individual variance between two elements can be represented by the 
values in the right hand triangular array, it must follow that an overall measure of the 
total variability of the composition is represented by the sum of all the V2dD log-: ratio 
variance entries (Table 5.18). 
Brickearth sub-group 
II 
Sum of log-ratio variance 
I Sum of log-ratio variance 
(exc. CaO and MnO) 
Southern England 2.8196 0.5243 
Kent and Surrey 2.5855 0.2697 
Hampshire and Sussex 2.5440 0.4374 
Devon and Dorset 1.3953 0.4727 
2.9421 0.5901 
Table 5.18 Sum of the log-ratio variancesfor the hrickearth sub-groups 
These values confirm the similarity in the composition of the Hampshire Basin 
brickearth and demonstrate the greater variability within the southwest brickearth. 
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However, the important point to emerge from this analysis is that the relative 
concentrations between the three data-sets are very similar. This is Mustrated by the 
relative values of the log-ratio means between the 4 data sets, confirming the 
impression given by the graphical representation of the geochemistry of an overall 
uniformity within the brickearth of southern England. 
5.4 Geochemical Variations Associated with Grain Size and Depth 
Having identified linear trends in some major and trace elemental 
concentrations, especially within the Hampshire and Sussex sub-group, XRF analyses 
of the two end members of this group were carried out. Samples from Arundel 
(NGR 501320 105480) were sub-divided into six groups based on grain size, whilst 
samples from Barton on Sea (NGR 423850 092870) were, as weU as grain size, also 
analysed from different depths throughout the brickearth horizon (Table 5.19) 
Sample 
site 
Sample 
no. 
grain size 
(Im) 
Sample 
site 
Sample 
no. 
grain size 
(gm) 
Sample 
site 
Sample 
no. 
depth 
(m) 
AR2 +425 BS2 +425 BS8 015 
AR3 300-425 BS3 300-425 BS9 0.75 
Arundel 
AR4 180-300 
Barton on 
Sea BS4 180-300 
Barton on 
Sea BSIO 1.25 
AR5 75-190 BS5 75-180 BSII 1.75 
AR6 63-75 BS6 63-75 BS12 2.00 
L AR7 -63 BS7 -63 
Table 5.19 Grain size and depths of samples tested to ascertain variations in the 
geochemistry 
The results of the XRF analyses, of the different size fractions, of the 
brickearth from Arundel and Barton on Sea (Table 5.20) are graphically shown in 
Figure 4.44. In the sample from Arundel the majority of the T'02 and the Zr is 
associated with sample AR6, the 63ptm to 75pLm size fraction. VAilst, at Barton on 
Sea, the same two elements are very clearly associated with sample BS7, the sub 
63gm size fraction. The analyses carried out on samples taken from different depths at 
Barton on Sea show no overall pattern or variation in the brickearth elemental 
190 
composition with depth. However, one sample BS 12,2.00m depth, recorded a Si02 
concentration of in excess of 100%. This reading is obviously incorrect and is most 
probably due to the close proximity of the sample to the underlying Barton Sand 
Formation. Sands rich in silica tend to swamp the analyses and cause these large 
erroneous readings, as this sample was from the boundary between the brickearth and 
the Barton Sand it seems entirely likely that it is this that caused the error in the 
analysis. The similarity in the outcrop expression and the possibility of some post- 
depositional reworking and mixing of the two strata causing Rirther difficulties in 
accurate location of the inter-fonnation boundary. 
Barton on Sea Arundel 
Sample Size range 
(Wn) 
T'02 
N 
Zr 
(PPM) 
Sample Size range 
(Wn) 
TiO2 Zr 
(ppm) 
BS2 +425 0.71 120 AR2 +425 0.54 105 
BS3 300-425 0.86 189 AR3 300-425 0.33 312 
BS4 180-300 0.34 151 AR4 180-300 0.67 237 
BS5 75-180 0.77 204 AR5 75-180 0.97 221 
BS6 63-75 0.79 177- 
[AR6 
63-75 1.07 512 
BS7 -63 0.95 346 AR7 -63 0.78 09 298 
Table 5.20 Results of the XRF analysis to determine the association of zirconium-and 
titanium with the different sizefractions of the brickearth of 
Barton on Sea (7VGR 423850 092870) andArundel 
(NGR 501320 105480) 
5.5 Pore-water Geochemistry 
To help understand the post-collapse behaviour of the brickeartl-4 described in 
chapter 4, atomic adsorption spectroscopy was used to investigate changes in the 
pore-fluid geochemistry, both before and after innundation with deionised water. 
191 
94 
0 
0 0 C> _C> 
wl 
4 
C> 
CD 
rA 
C> CD C> CD 
cl 
(Wli) OZIS alopr'd 
as 
Gn 
0 
0 r. 
C14 
C> 
C> 
C> 
CD 
CD C) 
Cý C) C> 
CD 
W'l IT en r-I 
(wTi) azis alop"d 
Z' 
-Z 
le 
s' 
le Z 
'Z 
192 
Two samples of brickearth from Portsmouth (NGR 467350 100570), that had 
previously undergone one-dimensional consolidation testing, were divided into nine 
20 T- 0.005 g specimens. Six of these specimens were from a sample tested in an air 
dry state, whilst the remaffiffig three were from a sample that had been previously 
tested at field moisture content (FMC) (Table 5.21). 
Sample no. Moisture Sample no. Moisture Sample no. Moisture 
(oodometer condition (oedometer condition (oedometer condition 
sample no. ) _ 
sample no. ) sample no. ) 
WI (PO 1) FMC DI (PO5) Air dry LJDI (P05) Air dry 
W2 (POI) FMC D2 (PO5) Air dry LJD2 (P05) Air dry 
W3 (POI) FMC D3 (P05) , 
Air dry I LUD3 (PO5) 
, Air k 
Table 5.21 Initial moisture conditions of the brickearth prior to pore-fluid analyses 
The three samples at field moisture content, WI, W2 and W3, and three air- 
dried samples: D 1, D2 and D3 were then placed in a centrifuge with the addition of 
20ml of deionised water, and spun at 7000 rpm for 60 minutes. The remaining three 
samples: LTD I, UD2 and UD3 were inundated with 20ml of deionised water and left 
p stand for 24 hours. After 24 hours the fluid was carefiffly drawn off the samples for 
atomic adsorption analyses. The pore-fluid samples were tested for the following 
elements: potassium (K), magnesium (Mn), manganese (Mg), sodium (Na) and iron 
(Fe). The results of the analyses are shown in Table 5.22 and graphically in Figure 
5.45. 
The results of the analyses of the pore-fluid do not show the actual chemistry 
of the pore-water present in the sample due to dilution of the fluid with deionised. 
water. However, they are useful in showing the relative differences within the 
elements that were tested for. Generally it can be seen that the concentrations of the 
soluble salts within the samples were greater in the fluid that was extracted from the 
samples that had undergone air-drying. The reasons for these differences in the pore- 
fluid chemistry are not immediately obvious at this stage. However, they are in 
keeping with the results attained by Barbour (1990) who found that dilution of pore- 
fluid concentrations led to a decrease in the shear resistance of the material. 
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00- 
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0 
Sample no. K (ppm) Mg (ppm) Mn (ppm) Na (ppm) Fe(p m) 
wi 0.81 1.90 0.06 5.18 0.79 
W2 0.69 1.17 0.11 3.89 5.05 
W3 0.69 1.07 0 4.63 1.26 
DI 2.54 1.82 0.68 7.97 7.78 
D2 1.16 2.03 0.27 3.73 8.67 
D3 1.72 1 
3.42 2.07 3.39 3.42 
UDI 1.80 2.72 3.81 3.03 14.07 
UD2 3.23 2.94 6.32 3.19 8.16 
UD3 4.72 4.58 9.72 4.75- 27.38 
Table 5.22 Pore-fluid chemical concentrations 
Whether or not this is the case for the brickearth wiU be more ffly discussed 
in the Mowing chapters of this thesis. 
5.6 X-Ray Diffraction (XRD) Analyses 
X Ray diffractometry was carried out on samples of brickearth from the four 
sub-groups to ascertain variations in the bulk and clay mineralogy (Table 5.23). The 
theory and the methodology of this analytical technique is discussed in chapter 2 and 
many texts are available that deal in detail with this method. However, it is pertinent 
to reiterate at this point that this technique is not quantitative. The magnitude of a 
peak recorded on a spectrograph does not represent the amount of mineral present 
but the intensity of the signal. Although this may be influenced by the concentration of 
a particular mineral, it is also affected by the orientation of the minerals during testing. 
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Location Sample no. Sub-group Location Sample no. Sub-group 
Pegwell Bay PB I Portland PO I Devon & 
Borough Green BRG I Wealden Jersey is I Dorset 
Oxted OXTI Elberry EBCI 
Arundel AR I Hampshire Bude BDI 
Portsmouth POMI Basin Goonhill 
I 
GO I Southwestern 
Barton on Sea 
1 
BS I 
i 
Lizard 
I LZ I 
I 
Table 5.23 Location ofsamples that underwent XRD anaylses 
5.6.1 Clay mineralogy 
Table 5.24 shows the clay mineralogy of selected samples of brickearth, 
determined by XRD analysis. All the samples exhibited high intensity peaks at 20 
angles corresponding to a d-spacing of approximately 7A and I OA. These are 
characteristic of kaolinite (7.1 A) and illite (I OA). The presence of illite, a marine 
stable clay, is not surprising as it is connnon in many Tertiary deposits. Such deposits 
would have been exposed at the time the brickearth was undergoing transportation 
and deposition. Therefore, inclusion of this clay into the brickearth is likely to have 
taken place throughout the area. The identification of illite in-the samples from both 
the Wealden and Hampshire Basin areas confirms the results from the activity index 
plot which closely mirrored the activity of illite (Fig 4.23) 
The intensity of the kaolinite, peak increases noticeably in the southwestern 
group. Again it was seen in the plot of the activity index (Fig 4.23) that the 
southwestern group displayed an activity close to that of kaolinite. As kaolinite is the 
product of intensive continental weathering of aluminous rocks, and during Lower 
Tertiary times large quantities of kaolinite were produced by meteoric weathering of 
the granites of southwest England, it does not seem surprising that much of this 
material has been introduced into the brickearth, either at the time of deposition or 
during subsequent post-depositional episodes. The presence of a lower intensity peak 
in the area equivalent to a d-spacing of 14A is of interest. This peak records the 
presence of smectite, probably montmorillonite. 
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Sample Region Kaolinite I Illite I Montmorillonite J Chlorite I Palygorskite 
PBI W, V, V 
BRGI Wealden 11 
OXTI 
AR I Hampshire 
POMI Basin 
BS I 
PO I Devon & V 01 
is I Dorset V V, V 
EBCI or V, V 
BDI I V 1( 1( 
GO I Southwestern 
LZ I 
Table 5.24 The clay mineralogy of the selected samples of brickearth ofsouthern 
England 
This clay is often considered to indicate volcanic ash-falls into marine waters. 
The higher intensity of this peak, especially in the Wealden group could indicate that 
the source of this material to be in the southeastern area. Elliot (197 1) described 
Eocene volcanic material in sediment from southeast England and Morton (1982) 
described heavy mineral assemblages indicative of contemporary volcanism. in both 
the basal beds of the London Clay but more abundantly in the Thanet ForTnation. So it 
appears that variations in the clay mineralogy are largely due to the inclusion of 
locally derived material. This is typified in the case of montmorillonite derived from 
volcanic debris in the Thanet Formation of southeast England and the case of 
kaolinite, the weathered product of the southwest gr es mc ed into the 
southwestern material. The presence of palygorskite in three samples from both the 
Hampshire basin area and Devon and Dorset area is of particular interest. 
palygorskite, a fibrous clay mineral, has been reported from and areas of the world in 
which saline or alkaline ground waters frequently affect soil formation 
(Righi & Meunier, 1995). Palygorskite was reported from the Boxgrove site during 
the archaeological excavations, it was found associated with marine lagoonal 
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sediments that were dated to the Cromerian Interglacial (Goldberg & Macphail, 
1990). Given the environmental conditions required, the distribution of Palygorskite 
in the samples tested is consistent with the introduction of this mineral from pre- 
existing Pleistocene sediments originating from earlier inter-glacial stages of the 
Quaternary. In a review of the clay mineral provinces of the Tertiary sediments of the 
Hampshire Basin (Gilkes, 1967) concluded that all the specimens contained 
montmorillonite, kaolinite and illite, whilst in addition to these three clay mineral 
groups, specimens of marine origin contained significant amounts of chlorite. 
In conclusion the clay mineral assemblages of the brickearth of southern 
England are dependent to some extent upon locally derived clay minerals and cannot 
be contributed solely to post-depositional weathering processes. Although, such 
processes would have enriched certain of the clay minerals present. 
5.6.2 The bulk mineralogy 
The bulk mineralogy of the brickearth was investigated using X-ray 
diffractometry. Table 5.25 indicates the mineralogical composition of the brickearth 
that were tested. All the samples contained quartz, and in many of the analyses the 
intensity of the quartz peak swamped many of the other peaks. This was overcome by 
increasing the scale of the diffractogram and allowing the quartz peak to run of the 
trace. In addition to the quartz, feldspar and mica, either biotite or muscovite and on 
several occasions both types were present in the samples. 
The XRD analyses of the brickearth illustrates an overall similarity in the 
mineralogy of the material. All the samples were dominated by quartz with subsidiary 
amounts of feldspar and mica. Both common species of mica were present in the 
different samples, but there seemed to be no discernable regional pattern to these 
variations. 
Of the heavy mineral phases identified zircon was present in all, samples, 
whilst rutile and ilmenite were identified in most of the samples from the Wealden and 
Hampshire Basin areas. In the southwestern and Devon and Dorset samples, rutile 
appeared to be less common, only being identified at two of the six locations. 
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Sample Region Quartz Feldspar Mica Heavy mineral 
phases 
PBI V b z, r, i 
BRGI Wealden I/ V b z, r, i 
OXTI bm z, r 
AR I Hampshire Basin In z, r, i, p 
POMI m, b Z, r, i 
BS I m, b Z, 1, p 
PO I Devon & Dorset b z 
is I W, b Z 
EBCI V, m, b z 
BDI V b Z, r, i 
GO I Southwestern b, m Z, i 
LZ I W, b, n z, i, r 
Key Micas Heavy minerals 
m- muscovite z- zircon 
b- biotite r- rutile 
i- ilmenite 
p- pyrite 
Table 5.25 The hulk mineralogy of the hrickearth of southern England 
5.7 Scanning Electron Microscopy (SEM) 
Quartz grain surface features may reveal important aspects of the depositional 
history of the deposit of which they are part. Previous research has highlighted 29 
surface features which allow the characterization of each grain and forin the basis of a 
generic interpretation (Elzenga. et al, 1987). Table 5.26 only describes the features 
that were recorded during this investigation of the grain morphology of the brickearth 
and Plates 5.1 - 5.4 show typical examples of these features. 
The shape and degree of roundness of the grains can be misleading. Sand size 
grains that have undergone saltation may be expected to exhibit a greater degree of 
rounding than the finer grained particles. These finer grained particles travel in 
suspension and do not suffer the same amount of violent collisions that characterise 
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the saltation zone (Krinsley & Doorkamp, 1973). 
In! e of Fea e Description Reference 
Rounding Depends on the degree of abrasion suffered by the Hggs, 1979 
sample 
I-Egh relief The extent of mechanical and/or chemical modification Higgs, 1979 
of the surface since it was removed from the parent rock 
Conchoidal Caused by grain to grain collisions in an aeolian or fEggs, 1979 
fractures fluvial environment. fliggs, 1979 suggested that Krinsley & 
conchoidal fractures are characteristic only of glacial Funnell, 1965 
environments 
Semi-parallel Closely allied to conchoidal fractures and therefore Krinsley & 
steps characteristic of the same environments, probably Funnel, 1965 
caused by shear stress 
Straight and Between 2 and 25 mm they are the result of grain to lEggs, 1979 
curved grain collision and are therefore found in all 
scratches environments characterised by grain motion. They are 
often associated with mechanical V-shaped pits. 
Single and Can be equidimensional as well as elongate and are Margolis & 
multiple disc- commonly associated with conchoidal breakage Krinsley, 1971 
shaped patterns. Considered as one of the most important 
concavities indicators characterizing aeolian environments 
Meandering Result from the intersection of slightly curved Krinsley & 
ridges conchoidal breakage patterns caused by grain to grain Donahue, 1968 
collision in an aeolian environment 
Mechanical Caused by impact and are formed in subaqueous and Krinsley & 
V-shaped pits aeolian environments, particularly in high energy Doornkamp, 1973 
1 environments. II 
Table 5.26 Ihe surface features observed in the SEM study of the brickearth 
Particles. (modifiedfrom Elzenga et al, 198 7) 
Table 5.26 describes some of the features that are closely associated with 
aeolian processes. The presence of one these features' is not enough to conclusively 
determine the depositional environment of a particular grain, for this purpose an 
individual grain must exhibit two or more of the diagnostic characteristics. 
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curved and straight 
scratches 
Plate 5.2 Roulidedgrum exhi bi litig grc tit i sul. fiwe Jew urc. s assoowed wiih o high 
energy environment 
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Plate 5.1 Lxtimples (? ý whit -h are diapio. wic oj'franspori regime 
A. - 
Plate 5.3 A ngularsdi-sizedgl-cun exhibiwig ii/isi-siew with 
transportation in an aeolian environment 
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Plate 5.4 III'V(imple qfa high rehej'sul. -fiice ievuri, 
Monocrystalline gmins of quartz from Arundel (NGR 501320 105480), 
Portsmouth (NGR 467350 100570) and Barton on Sea (423850 092870) were used 
in this study. The particles were split into two groups: less than 200gm and greater 
than 200grn. The use of this 200gm division is not arbitrary, Krinsley & Doornkamp 
(1973) termed particles in the smaller size group as fine, whilst those in the larger size 
group they termed coarse. They noted definite differences in the textures apparent on 
the fine and coarse particles from within the same material and stressed the 
importance of size. 
in this study 15 particles from both the coarse and fine-size group, from the 
three sites, were studied and the surface textures present were identified and recorded 
(Table 5.27). To assist this investigation, the particles were examined in two groups, 
the first group consisting of particles greater than 200gm and the second group 
consisting of particles with a maximum dimension of less than 200ýLm. 
Number of features observed in each group 
Feature Arundel Portsmouth Barton on Sea 
. 
E 
<200), m >200pm <200M >200pm <200pm >200gm 
Rounding 2 12 4 11 4 11 
ffigh relief Mgh relief 5 4 3 4 5 3 
Conchoidal fractures 12 7 14 11 15 12 
Semi-parallel steps 9 6 10 8 13 7 
Straight & curved 
scratches 
2 to 0 9 6 10 
Disc-shaped cavities 11 2 13 5 13 4 
Meandering ridges 12 5 14 4 9 5 
Mechanical v-shaped pits 4__ 
L9 
8 4 10 
Table 5.27 The occurrence of diagnostic surface features in the brickearth oj 
Barton on Sea, Portsmouth, and Arundel, southern England. 
The study of the grain morphology has shown that certain textures are more 
commonly associated with grains in a specific size range. Amongst these is the degree 
of grain rounding, it appears that the larger grains have undergone a more intense 
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transport regime and hence suffered a greater degree of attrition, agreeing with the 
findings ofKrinsley& Doorkamp (1973). In fact it is possible to characterise the two 
different sizes of quartz particle by their, often quite distinct, surface morphologies 
(Table 5.28). 
Size g-rou-P-1 Description Probable environment 
<200 pm Angular with conchoidal fractures, disc-shaped cavities, Aeolian suspension 
I 
semi-parallel steps and meandering ridges load 
>200 pin Rounded with v-shaped pits, straight and curved Aeolian saltation or 
PI scratches and conchoidal fractures I high energy fluvial 
Table 5.28 Probable origin of the quartz grains in the brickearth of southern 
England 
This analysis has revealed that in the sub 200 ýLm particles there are commonly 
surface features present that are associated with an aeolian environment. Therefore, it 
seems highly likely that these smaller grains have been transported in an aeolian 
environment. In the larger size group the evidence is less compelling, the degree of 
roundness has been briefly discussed earlier and although this agrees with Krinsley & 
Doorkamp (1973) the degree of roundness could be achieved in other ways apart 
from transport in the saltation zone. There is always the uncertainty that this and, to a 
lesser extent, some of the other features are relict features from a previous 
transportation event. Unlike the sub 200 ýim particles there are no features that can be 
descnbed as strongly indicative of aeolim transportation. Therefore, with the larger 
size group it is only possible to demonstrate that these grains may be aeolian in origin 
but equally they may be from any high energy environment. 
The presence in the Portsmouth brickearth of heavy minerals, identified by the 
XRD analysis, was confirmed during the SEM study of the grain morphology. Plate 
5.5 shows an unweathered opaque mineral phase. Although unidentified, the 
important feature is the angularity of the grain suggesting a shorter transportation 
distance, which is further evidence of the inclusion of locally derived material into the 
sediment body. 
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Plate 5.5 Anguicir opique minerulfioin dic ], orismouth brickearlh 
(NGR 467350 100570) 
5.7.1 Scanning Electron Microscopic Study of the Fabric of the Brickearth 
Changes in the fabric of the Portsmouth brickearth samples were studied pre- 
and post-oedometer testing. Plates 5.6 and 5.7 illustrate the fabric of the material 
immediately prior to undergoing consolidation. Clearly visible in both these SEM 
photomicrographs is an open structure with voids present within the fabric of the 
material. At greater magnification (Plate 5.7) clay-bridges are visible between the 
individual silt-sized grains, a feature common to many loessic deposits. For collapse 
to occur a densification of the material must take place, as the applied stresses are 
insufficient to cause fracturing of the solid particles, failure must occur within these 
clays. 
Plates 5.8 and 5.9 illustrate the post-collapse fabric of the brickearth. In these 
photornicrographs the volwne, of the void spaces has decreased dramatically. The 
beginnings of an imbrication fabric can also be seen, suggesting that as well as 
translational movement of the particles a certain degree of rotational movement also 
takes place. This causes the long axis of the grains to orientate themselves 
perpendicular to the applied stress. 
Two points are worthy of note before a detailed examination of the 
collapsibility of the brickearth is undertaken in the subsequent chapter. Firstly, the 
brickearth has undergone some reworking as evidenced by the extensive quartz pebble 
stringers found at many of the sample locations, and confirmed by the work of 
Butcher (198 8). Therefore, some process of de-densification or loessifcation must be 
responsible for the open structure seen in Plates 5.6 and 5.7. Secondly, collapse 
occurs within the brickearth as a result of rotational movement of the silt-sized grains 
which induces' shear failure of the clay mineral bridges (Fig 5.46). 
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Plate 5.6 Open structure apparent within the Portsmouth brickearth prior to 
consolidation testing 
I[ C 
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to consolidation testing 
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Plate 5.8 Posi-collapse fabric of the brickearih 
rl., 
Sub-horizontal 
orientation of the 
long axes of the 
, rains silt v 
Plate5.9 Post-collapse imbrication Qflhe brickearth. /abric 
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Silt-sized particles 
water or 
mter mixture 
J void spaces 
Silt-sized grains are held in an 
open structure by clay-bridges 
prior to the application of any 
vertical load. 
Upon application of a vertical 
load rotation of the silt-sized grains 
occurs, causing shear failure of 
the clay-bridges at the grain 
contacts and hence a densification 
of the soil. 
On completion of compression 
the sample has reached a 
maximum particle packing. 
There are signs of an 
imbrication fabric as a result 
of the rotation of the slit-sized 
grains. The clay-bridges are 
destroyed and the clay is 
squeezed into the remaining 
void spaces reducing the 
permeability 
Figure 5.46 Schematic illustration of the change infabric ofthe brickearth 
209 
clay bndges 
5.8 Discussion of the Geochemical and Other Deterministic Test Results 
The results of the geochemical testing procedures have illustrated the 
similarity within the brickearth of southern. England. Dividing the material into the 
same four sub-groups, as were adopted for the geotechnical testing, reduced the 
variability of the geochemical composition of the material. This was further evidenced 
by the statistical analyses of the XRF compositional data, by a reduction in the total 
variability when the sub-groups were dealt with individually compared to the analyses 
of the whole sample population. 
The trends that were observed within certain of the geochemical elemental 
concentrations are very interesting. The most convincing of these trends are the ones 
associated with the Hampshire Basin group. The linear trends in T'02, Zn, Nb, Cr, if 
considered in conjunction with the analyses of the size fractions, and the variability 
within them, strongly suggest some directional input into the distribution of these 
elements. Although, not as obvious, trends also existed within two of the other three 
groups of samples. In the southwest set of samples linear trends in both the Cr and Ni 
content were apparent when plotted agairist both the sample site NGR eastings and 
northings, again suggesting a directional input into the distribution of these elements. 
However, this time having identified trends in two directions, it appears that the 
azimuth of this directional input must lie somewhere between the two, i. e. between 
south and east. The statistical analysis of these trends shows that this is the case. In 
the Wealden and the Hampshire Basin groups an easterly direction is predominant. 
Whilst in the western sites the direction of influence appears to have swung round to a 
more southeasterly bearing. Obviously this data is of vital importance in any attempt 
to understand the provenance of the material that comprises much of the brickearth, 
and as such will be dealt with in chapter 7 of this thesis. 
The geochemistry of a sedimentary deposit reflects the mineralogy of the rock 
from which it was ultimately formed. However, imprinted upon this are any of the 
post-depositional variations that may have affected the material. These may include 
modification due to weathering or the inclusion of other sedimentary deposits during a 
post-depositional reworking phase. The similar trends in the Cr and Zr content of the 
Hampshire Basin samples provides vital information concerning the depositional 
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history of the material. Zirconium and chromium are incompatible and cannot exist in 
the same rock, as primary constituents, therefore, one or both of these elements must 
have been introduced into the material after deposition, or during the transportation 
phase of the depositional history. 
The XRD identification of the clay mineralogy again highlighted the 
importance of post-depositional processes on the mineralogy of the brickearth. in 
particular the apparent increased kaolinite content in areas which may have been 
influenced by the weathering of granites. Similarly the increased importance of 
montmorillonite in the eastern samples possibly as a result of the inclusion of this clay 
from the underlying Tertiary deposits. The Bulk mineralogy of the samples can be 
broadly described as predominantly quartz with subsidiary amounts of feldspar and 
mica. Other mineral phases were identified but only zircon was common to all 
samples. These other minerals may prove to be of use in identifying a source material. 
However, given the overwhelming evidence of possibly extensive reworking of the 
material, great care should be taken in interpreting such evidence. 
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Chapter 6 The collapsibility of the brickearth 
6.1 Introduction 
To assess the collapsibility of the brickearth the results of the geotechnical 
testing programme (chapter 4) underwent further analysis. From these data, specific 
parameters have been calculated to allow the materials' metastability to be assessed 
using existing collapse potential indices. Further analysis of the one-dimensional 
consolidation tests revealed an apparent dichotomy in the collapse potential of the 
material which has been explained using unsaturated soil mechanics' theories. The 
post collapse behaviour of the brickearth has been addressed and the probable causes 
for such behaviour discussed. The results of this study have revealed a critical 
relationship between moisture content and metastability. There exists for each sample 
location a moisture content which defines a boundary condition below which collapse 
is initiated upon innundation with water, and above which such behaviour is 
precluded. 
6.2 Determination of the Metastability of the Brickearth. 
Before any analyses of the metastability of the brickearth can be carried out 
it is necessary to define exactly what is meant by the term 'collapse'. In the current 
context collapse means the sudden and significant reduction in volume. it does not 
include: immediate settlement, primary consolidation settlement or secondary 
consolidation. Changes that may trigger collapse in an apparently stable soil include: 
changes in the loading of the soil that may occur after construction; or dynamic 
forces followed by a subsequent trigger effect due to saturation or near saturation 
(Meckechnie, 1989). 
One of the earliest attempts to quantify the collapse potential of an 
undisturbed soil specimen was that of Abelev (1948). He suggested that an 
undisturbed soil specimen at natural moisture content be loaded in an oedometer to a 
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stress of 300kN/n? and then flooded to induce collapse. 
The collapse potential was defined as: 
Ae 
c 
+ e, 
where: 
i, is the collapse potential 
Aec is the change in void ratio upon wetting, and 
el is the void ratio at beginnirtg of saturation 
(6.1) 
Since this early work many other criteria, based on variations in the 
void ratio, height, degree of saturation and many other basic soil properties have been 
proposed (Table 6.1). 
The graphical representation of the void ratio of the brickearth plotted 
against the log applied pressure, reported in chapter 4, (Figs 4.31- 4.33) showed that 
the air-dried samples collapsed whilst those tested at field moisture content (FMC) 
exhibited increased compression. Zaiguan Lin (1995) reported that the amount of 
collapse in Chinese loess under a given pressure was the result of additional 
compression due to an increase in its moisture content and demonstrated this by 
plotting the coefficient of compressibility (mj against the coefficient of collapse (6s). 
Js = h, -( 
Lho' ) I p p (6.2) 
Where: hp is the sample height under pressure p 
h; is the sample height under pressure p in saturated conditions, 
and 
h. is the original sample height 
From the Chinese Code on Building in Regions of Coflapsible Loess (1978), in which 
213 
loess is regarded as collapsible when the unit of collapse, 5,, is equal to or greater 
than 0.0 15. 
To assess the potential of collapse the results of the geotechnical tests have 
been substituted into some of the commonly used collapse criteria (Table 6.2). The 
results of these various substitutions show that according to some of these indices the 
brickearth can be considered as metastable reflecting what was seen during the 
oedometer tests. Also of interest is the prediction of stability that could be deduced 
from the other criteria, clearly contradicting the laboratory evidence and identifying 
how caution should be used in the application of these criteria. However, given 
the observed failure and the predicted Mure of the material, a thorough study into 
the causes and mechanics of the failure mechanism is required. 
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Reference 11 Criteria 
Denisov, 1951 Coefficient of subsidence K= el / e, 
K=0.5 highly collapsing soils 
K=1.0 noncollapsible loams 
K=1.5 - 2.0 swelling soils 
Clevenger, 1958 if dry density less than 1.28 Mg/m, settlement will be large; 
dry density greater than 1.44 Mg/m' settlement will be small 
Priklonski, 1952 K,,, = (Wo - w) / Ip 
KD <0 highly collapsing soils 
KD > 0.5 non-collapsing soils 
KD > 1.0 swelling soils 
Gibbs, 1961 Collapse ratio R=w, - w, 
et Building Sovi L= (e# - edl(I + e. ) 
Code, 1962 for So > 60% 
L>-0.1 collapsing soil 
Feda, 1964 K, = (Wo / Sd - (WII, ) P for So < 100%. 
K, > 0.85 subsident soils 
Feda, 1966 if initial porosity, no > 40% the soil is susceptible to collapse 
Benites, 1968 a dispersion test where 2g of sample is dropped into 125mL of distilled 
water and timed until the sample is dispersed; dispersion titnes of 20 to 
30 seconds were obtained for collapsing Arizona soils. 
Anderson, 1968 Collapse ratio R where 
R=5.5 - 3.82log(w, / w) - 1.631og w. - 1.241ogCý - 0.918 log P,, - 0.303 
I P200 + 0.46JIog(D60 / D4d - 0.4JI09(DgVD5d 
Handy, 1973 Iowa loess with clay (<0.002mm) contents 
< 16% high probability of collapse 
16 to 24% = probable collapse 
24 to 32% = less than 50 % probability 
> 32% = usually safe from collapse 
Grabowska- Collapse coefficient 1., = (hr hd1ho 
olszewska, 1966 i., > 0.015 soil unstable 
i., < 0.0 15 soil stable 
Note. 
el void ratio at liquid limit w, - liquid limit 
eo natural void ratio w, - plastic limit 
w. = natural moisture content I= plasticity index 
w, = saturation moisture content C. = uniformity coefficient 
So - natural degree of saturation D, = diameter of grain 
P2, v = fraction passing the No. 200 (75pm) sieve corresponding to the percentage 
P10 = fraction passing No. 10 (2.00mm) sieve P on the grain size curve 
h. = height of sample prior to innundation ho - original height of sample 
hb- height of sample after innundation 
Table 6.1 Summaryfor reported criteriafor identifying collapsible soils (adapted 
from Lutenegger and Saber, 1988) 
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Failure Sample no and moisture content (% ) 
criteria Pol P02 P03 P04 P05 P06 P07 Poll 
1 1 
(19%) (21%) (19%) (24%) (4*/. ) (3 5%) M. ) (141/6) 1 Irl. ) 
11, , PI 
0 -1 11 ,1V, 
k =e, le, 10 10 10 Lot 083 087 10 1.0 10 
Denisov (195 1) 1,, 
I" lot 1 08 It 
pd< 1.28 mg/m' 165 171 1 ý66 1,70 1 ý66 1.60 1.71 167 1 57 
pd> 1.44 mg/ml 1 10 1F ISI I S- I "' 
Clevenger (1958) 1 U, 141 1 oc, lAl 1 10 
K1, = (WO - w) / It, 
0.08 0,16 0,08 018 -0.52 -0.54 -0.36 -0.12 0.08 
Priklonski (1952) 0 11 oos -011 -003 
_0 22 -039 -0ý67 -0.83 
L= (e, - edl(I + e. ) -0-323 -0.377 -0,292 -0.346 . 0.306 -0,299 -0365 -031S -0260 
Soviet Building 
-0 130 -0.038 -0,084 -0,125 -0 12-1 1 
Code(1962) 
-0 12's -0012 -0016 -0 06Q 0 0048 
K, = (WýlSd- . 
0.59 . 060 -05() -0.58 -039 -055 -061 -059 -056 
(W/1) () S, -0 11 ) 1, -0 1- 0 It 
Feda, 1964 0 ol) -0,63 -0.03 0(,. -0.42 -OSO 
37 36 37 36 39 39 36 38 
Feda, 1966 11 11 11 11 10 
10 Is IQ to V, 
i. P = (hý- 
hdlh,, 00005 swelling swelling swelling 0.06 0.043 00021 00005 00026 
Grabowska- iI "'N 
N olszewska, 1966 j j" 0 0, ý I ýj 
= brickearthfails the associated collapse criteria failure criteria not applicable 
= brickearth very close to critical collapse value 
Table 6.2 The collapse criteria and the brickearth 
6.3 The Collapse Behaviour of the Brickearth 
Observations made during the oedometer testing revealed two modes of 
behaviour occurred dependent on the initial moisture content of the sample at the 
onset of testing. To help understand these two types of behaviour the effect of 
moisture content on the coefficient of volume compressibility (m) was investigated. 
When the m, values for the 100 to 20&N/mý load increment stages are 
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plotted against the initial moistwe content of the brickearth samples, it becomes 
apparent that the degree of volume compressibility is reliant on the initial moisture 
condition of the sample (Fig 6.1). As expected at higher moisture contents the 
samples have higher coefficients of compressibility (mj i. e. a greater decrease in 
volume per unit increase in effective stress. The moisture content at which this 
apparent change in behaviour occurs fies within the range of values between 10% and 
16%. When the samples are analysed individually it is possible to suggest a critical 
moisture content value above which the m, values increase for each of the three 
brickearth sample sites (Table 6.3). 
Sample location Critical moisture 
content 
Clay-size particle 
content 
Sand-size particle 
content (Vo) 
Barton on Sea 
I 
12 18 49 
Portsmouth 13.5 22 10 
Hayling Island 16 23 23 
-ji 
Table 6.3 Critical moisture contents of the brickearth 
Although only lirnited data are available and hence some caution must be 
exercised when discussing any relationships between granulometric composition and 
critical moisture content, Table 6.3 does reveal a potential relationship between clay- 
size particle content and critical moisture content. This relationship suggests that the 
higher the clay-size particle content the higher the critical moisture that defines the 
change in behaviour of the brickearth (Figure 6.2) 
Zein (1985) reported the behaviour of a compacted black cotton soil was 
dependent on whether it was consolidated above or below its optimum moisture 
content. To fiffly understand the reasons and the mechanics of the different modes of 
behaviour, one has to look at the behaviour of unsaturated soils in more detal 
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6.4 The Physical Properties of Unsaturated Soils. 
The classical theories of soil mechanics have been developed from the study 
of saturated soils and it is clear that this was not the case with many of the samples 
that underwent oedometer testing (Table 4.16). Collapse of a soil structure from 
flooding whils-t under load appears to contradict the concept of effective stress 
(Terzaghi, 1943) as the addition of water to a partially saturated soil would be 
expected to cause a reduction in the effective stress, Le. 
UI=a-u (6.3) 
Where: a is the total effective stress; 
a is the total applied normal stress; and 
U is the pore water pressure. 
Mellors (1995) reported the results of an earlier study on the collapse of the 
PegweU Bay loess, upon innundation with water, at a constant load. He explained the 
differences in the collapse behaviour by considering the development of bonding with 
moisture loss in soils (Figure 6.3). At 100% saturation, there is no contribution from 
interphacial forces and the bonding between particles is derived solely from 
interparticle attraction between clay particles. However, as the moisture content 
decreases the contribution from the surface tension forces increase and the 
contribution from the clays also increases albeit at a slower rate. At some point the 
contribution to bonding from surface tension forces is reduced to zero, when 
essentially there is no longer any free water and the remaining water is associated 
with the clays. The contribution to bonding from the clay component increases as 
flirther moisture loss results in the increased attraction between clay particles. To 
consider the development of forces in an unsaturated soil in a more quantitative 
fashion it is necessary to review the pioneering work carried out on unsaturated soil 
strength, mainly in North America. 
Fredlund (1993) established the importance of considering the number of 
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phases comprising the soil since it has an influence on how the stress state of the 
mixture is defined. He proposed that an unsaturated soil actually consists of four 
phases rather than the commonly referred to three phases. He postulated that in 
addition to the solid, air and water phases, there is the air-water interface that he 
referred to as the contractile skin (Fig 6.4). 
The most distinctive property of the contractile skin is its ability to exert a 
tensile pull. It behaves Eke an elastic membrane under tension interwoven throughout 
the soil structure. Davies and Rideal (1963) demonstrated that ahnost all the physical 
properties of the air-water interface differed from those of the contiguous water 
phase. For example, its density is reduced, its heat conductance is increased, and its 
bireffingence data are similar to those of ice. The transition from water phase to 
contractile skin has been shown to be distinct or jump-wise (Derjaguin, 1965). When 
undertaking a stress analysis on an element it is useful to consider an unsaturated soil 
as a four-phase system (Fredlund & Morgenstern, 1977). However, from a 
behavioural point of view, an unsaturated soil can be visualised as a mixture with two 
phases that come into equilibrium under applied stress gradients (i. e., soil particles 
and contractile skin) and two phases that flow under applied stress gradients (i. e., air 
and water). From the standpoint of the volume-mass relations for an unsaturated soil, 
only three phases need be considered as the mass of the contractile skin is small and it 
may be considered as part of the contiguous water phase. 
Evidence of the effect that the contractile skin can impose on an unsaturated 
soil can be seen if one considers the simple linear shrinkage test. A small soil 
specimen is dried as it is exposed to the atmosphere. The total stresses on the soil 
specimen remain unchanged at zero while the specimen undergoes a decrease in 
volume. The pore-water pressure goes increasingly negative as the material continues 
to dry, but it is the contractile skin that acts as a rubber membrane, pulling the 
particle s together causing the decrease in the volume of the specimen. 
221 
0 
0 
A- = 
=$ 0 
i ei - rA 
Z ce r- -- r . XD . 0= 4) - eý 
Q ce 
0 
u iz cqa .- 
N 
r- 
0 
4- 
r- 
cc 
E 
CA co 
Z 
0 
qlBUQ. ns puoq ii: 311judiajul aiiejoAV 
i; ý, ON 
CN 
ý44 
t46) 
ý31 
sz 
222 
It 
ON 
--z z 
C4 
-Z 
CID 
tn 
z: 
223 
Co «2 
6.4.1 The Soil-Water Characteristic Curve 
Central to the understanding and quantification of the engineering behaviour 
of an unsaturated soil is the soil-water characteristic curve, often referred to as the 
moisture retention curve, it is a continuous sigmoidal function representing the water 
storage capacity of a soil as it is subjected to increasing soil suction. It is the relation 
between volumetric water content and the soil suction stress state (Fig 6-5). The soil- 
water characteristic curve can be used as a means of deriving and linking soil 
behaviours such as penneability, shear strength and volume change. The soil-water 
characteristic curve contains three important pieces of information, these are; 
pore-size distribution, amount of water contained within the soil at any suction, and 
the stress state of the soil and soil-water. 
6.4.2 Calculation of the soil-water characteristic curve (SWCQ 
Two methods of obtaining the soil-water characteristic curve have been 
adopted in this research. The theoretical method carried out on samples from 
Portsmouth, Hayling Island, and Barton on Sea, and a more rigorous laboratory 
determination used to investigate the accuracy of the theoretical method and only 
undertaken on the Portsmouth sample. 
6.4. ZI Theoretical method 
Air-drying a soil wiff cause the matric suction of the soil to increase. 
Experiments have shown that the matric suction tends to a common limiting value in 
the range of 620 MN/n? to 980 MN/rr? as the water content approaches zero 
Fredlund, 1964). Several empirical equations have been proposed in the literature to 
represent the SWCC (Brookes & Corey, 1964; McKee & Bumb, 1987; Van 
Genuchten, 1980). However, most of these equations have been restricted to one type 
of soil or are only pertinent over a limited range of soil suctions. Fredund & Xing 
(1994) provided an analytical basis for mathernatically defining the whole SWCC. 
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This relationship is based on the assumption that the shape of the SWCC is dependent 
on the pore-size distribution of the soil and makes the assumption that the soil is 
made up of a randomly distributed set of interconnected pores. 
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Mathematical definition of the SWCC (after Fredlund & Xing, 1994) 
01 
4vr) ý (6.4) 
Where: 0 is the volumetric water content 
0, is the saturated volumetric water content 
a is a function associated with the air entry value of the soil 
n is a soil parameter associated with the inflection point of the 
SWCC 
h is soil suction; 
M is a soil parameter related to the residual water content; 
e is a natural number, 2.71828..., and 
C(Y/) is a correction function that forces the SWCC through a 
suction of 1000 000 kPa at zero water content. 
The correction factor is defined as: 
1+ 
h 
h, 
) 
C(Y/) I- 
In(l + 
106) 
Where: hr is the suction value corresponding to the residual water 
content, 0, 
(6.5) 
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Equation 6.4 can be nonnalised by dividing both sides of the equation by the 
volumetric water content at saturation and written in the fornr 
E) 
ýh) 
(6.6) 
exp(l) +a 
The nomu-&ed volumetric water content, E), is defined as 
0= (6.7) 01 
Where 
is the volumetric water content; and 
0., is the volumetric water content at a saturation of 100%. 
However, the degree of saturation, S, is also equal to the normalised volumetric water 
content. 
e=s 
Combining Equations 6.4 or 6.6 and simplifying gives the common form of the 
equation used to define the SWCC (Fredlund & Xing, 1994) 
1+ 
h 
14h, 
) 
In(I + 
101) 
In[ exp(l) + 
(6.8) 
(6.9) 
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The final forin of this equation can be used to create the theoretical SWCC 
for any soil over the entire range of suctions. Figure 6.6 shows the theoretical 
SWCCs for a the Portsmouth, Hayling Island and Barton on Sea brickearth samples 
respectively, calculated utilising the above method using the SoU Vision Database 
Software, SoU Vision Systems Ltd (1997). 
6 4.2 2. Filter paper methodfor the determination ofsoil suction 
(ASTM D 5928-94) 
Several experimental methods exist to determine the matric suction of an 
unsaturated soil, and most are reliant on expensive and specialist laboratory 
equipment. However, one method is relatively cheap and is not beyond the scope of a 
well-equipped soil laboratory. 
The filter paper method for measuring soil suction was developed in the soil 
science discipline and only relatively recently have attempts been made to use this 
method in geotechnical engineering (McKeen, 1985; Chandler & Gutierrez, 1986). 
The filter paper method is based on the assumption that a filter paper will come into 
equilibrium with respect to moisture flow, with a soil having a specific suction. When 
a dry filter paper is placed in direct contact with a soil specimen it is assumed that 
water flows from the soil to the filter paper until equflibrium is achieved. When 
equilibrium is reached then the water content of the filter paper can be measured. The 
water content of the filter paper corresponds to a suction value, as illustrated by the 
filter calibration curve. The calibration curve is specific to a type of filter paper and 
all filter papers of that type are considered identical. In this test Whatman No. 42 filter 
paper was used and the calibration curve is shown in Figure 6.7. this calibration curve 
exhibits bUinearity. Tle lower part of the curve represents the high range of filter 
paper water contents where the water is held by the influence of capillary forces, in 
the upper part of the curve the water is held in an adsorbed water film (Miller & 
McQueen, 1978). 
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The results of the five matric suction determinations are shown in Table 6.4. 
These values have been included in a plot of the theoretical SWCC to assess the 
accuracy of the ernpiricaUy derived curve (Figure 6.8). From this Figure it is apparent 
that the theoretical SWCC systematically underestimates the matric suction of the 
Portsmouth brickearth. 
The final stage in determining an accurate SWCC is to utilise, the curve fitting 
algoritlun available within the Soil Vision Database software. This allows a best-fit 
SWCC to be fitted based on both the theoretical curve and the experimental data. 
mf and nf by a This is achieved by an iterative process, modi*bg three functions; a 
least squares algorithm (Eq 6-9). The theoretical curve, the "best-fit" curve and the 
experimental data are shown on Figure 6.8. Table 6.4 shows the fitting parameters 
used and an assessment of the accuracy of the final fitted curve. It is this best-fit curve 
that will be used in the behavioural analysis of the Portsmouth brickearth. 
Soil Water Characteristic Curve Type: Wetting 
Experimental Data Points 
Data Point no. Volumetric Water Content (%) Suction (kN/m) 
1 30 4 
2 24 25 
3 14 202 
4 7.8 612 
5 4.6 1290 
Type of SWCC Fit: Fredlund & Xing 
Fitting Parameter 
af nr Mf hf. SWCC error 
290.8306 0.4822 4.1727 1532.1120 0.000751 
Residual volumetric water content: 1.7% Saturated volumetric water content: 36.7% 
Table 6.4 Experimental data points and the SWCCfitting parameters 
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6.4.3 The effect of matric suction on the shear strength of the brickearth 
Fredlund et aL (1978) proposed a linear shear strength equation for an 
unsaturated soff: 
rf = C' + 
(an 
+ u, 
) tan ý' + 
(u,, 
- u,,,, 
) tan 0' (6.10) 
Where: 
Tf is the shear strength of the unsaturated soil; 
C is the effective cohesion of saturated soil; 
is the effective angle of shearing resistance for a saturated son; 
is the angle os hearing resistance with respect to matric 
suction; 
(a,, -U, ) is the net normal stress on the plane of failure at failure; and 
(q,, -u. ) is the matric suction of the soil on the plane of failure. 
Generally, experimental data show that nonlinear shear strength behaviour 
occurs when tests are carried out over a wide range of matric suction values 
(Gan et al., 1988; Escario and Jura, 1989). At lower values of matric suction (Le. at 
high degrees of saturation) the pore-water pressure acts directly to increase the 
effective stress in contributing to the shear strength . This condition applies until the 
soil begins to desaturate under an applied matric suction (Vanapalli et al., 1995). 
The rate at which suction contribute towards the shear strength of a soil can be 
related to the nomialised area of water (aj 
A dw 
a. Adý, (6.11) 
Where: A,, is the total area of water at 100% saturation; and 
A& is the area of water corresponding to any degree of 
saturation. 
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VanapaBi et al. (1995) proposed that the shear strength of an unsaturated soil 
at any given value of suction could be represented by the equation: 
r= [cý + (o-. - u. 
) tan 0] + (q. - u. 
)[(tan 0 *)( 
I 
Where: 0'. is the residual volumetric water content. 
(6.12) 
Equation 6.12 can also be written directly in terms of the degree of saturation: 
c'+ (a. - u. 
) tan 0'+ (u. - uw 
)[ (tan 0') TS5---Sk -) 
I 
10 r 
(6.13) 
The initial part of the equation represents the saturated shear strength of 
the material when u,,, the pore-air pressure, is equal to u, the pore-water pressure. 
This part of the equation is a function of the normal stress, as the shear strength 
parameters Cand 0'are constant for a saturated soil. The rates of strain during the 
direct shear tests were such that no pore water pressures were induced in the samples, 
this further simplifies Equation 6.12 by equating a,, to or,,. The second part of the 
equation is the contribution due to suction. The required input parameters for 
calculating the shear strength function are the strength parameters, c'and qY, and the 
soil water characteristic curve. 
r= Ic + (o,,. - u. 
) tan 0']]+ u. )[(tan 0')( 
Constant under given applied Matrix suction contribution to the 
load u,, = u,, =0 in drained test total shear strength of an 
unsaturated soil 
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6.5 The Determination of the Shear Strength Function of Unsaturated 
Brickearth 
To enable the detennination of the unsaturated shear strength of the 
Portsmouth brickearth the results of the 2 direct shear tests reported in Table 4.13 
must be used. However, as discussed in chapter 4 at low normal stresses the failure 
envelope exhibits non-linearity, and for a normally consolidated clay, c' is equal to 
zero (Mtchell, 1976). Therefore, in the determination of the unsaturated shear 
strength Equation 6.13 can be simplified and takes the form: 
r=[(o,, tanO')]+(u. -u. 
(tanol)( 
1 
(6.14) 
Where: 0' is the calculated angle of friction for the applied normal load 
o, and 
01=0,9+. 
A0 
1+ o». PN 
Where: is the basic angle of friction 
'do is the maximum angle difference 
P, V is the median angle nonnal stress 
Figure 6.9 illustrates the results of the above calculation for the change in the effective 
angle of friction of the Portsmouth brickearth samples PO I and P02, Table 6.5 shows 
the values used in the initial determination of the unsaturated shear strength. 
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Sample no. Applied normal stress, a., Residual angle of friction, 
(Mmý (11) 
POI 200 35.3 
P02 
1 200 38.6 
Table 6.5 Angle offtiction used in the determi n of the unsaturated shear 
strength of the Portsmouth brickearth 
For the deterniination of the unsaturated shear strength the lowest value of 
3 5.3 * was used for the effective angle of friction (ý ). To understand how the 
moisture content of the brickearth can effect its mode of behaviour under loading, the 
shear strengths of the material, in both air-dried and field moisture conditions, were 
calculated for a normal load of 200 Mrný . 
Initially the volumetric water content (0) of the samples have to be 
calculated to enable the matric suctions to be determined from the SWCC. 
o= 
SWG, 
S+ WG, 
0=6 
Where: G, is the grain specific gravity = 2.67 (calculated) 
Utilising the properties of the sod samples at the outset of testing (Tables 4.14 & 
4.16) the results of the above calculation are shown in Table 6.6. These values have 
been substituted into Eq. 6.14, along with data from the SWCC (Figure 6.8) and the 
unsaturated shear strength determined. 
In the air-dried condition (P05 & P06) the contribution of the matric 
suction to the overall shear strength of the material increases the shear strength of the 
brickearth to a value greater than the applied normal stress of 200 kNhný. If these 
results are compared with samples tested at he same applied normal stress, but at field 
moisture content (PO I- P04), in this condition there is only a very small contribution 
to the shear strength from the matric suction and the strength of the brickearth 
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remains significantly lower than the applied normal stress. Under these conditions the 
sample would undergo densification due to the microshearing of the clay bridges, and 
grain repacking would occur (Figure 5.46). 
Sample no. Volumetric water 
content, 0(%) 
(Eq. 6.16) 
Matric suction 
(u. -u. ) (kN/m) 
(Figure 6.8) 
Applied normal 
stress, cr,, 
kN/M2 
Unsaturated 
shear strength 
kN/M2 
Pot 31.8 2.45 200 143 
P02 35.4 0.12 200 142 
P03 31.5 2.46 200 144 
P04 39.1 0 200 142 
P05 6.7 850 200 228 
P06 5.6 1200 
1 
200 
1 
237 
Table 6.6 Determination of the unsaturated shear strengths of the Portsmouth 
brickearth 
It follows, therefore, that there must be a value of volumetric water content 
at which the shear strength of the sample is equal to the applied normal stress, and it 
is this value that defines the boundary between the two modes of behaviour that were 
first observed during the oedometer testing. 
To quantify this value, a range of volumetric moisture contents between 0, 
and 0, were chosen, and the shear strength calculated for each of the three load 
increments (Table 6.7 and Figure 6.10). 
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Load (kN/m) Volumetric Contribution Shear strength due Total shear 
water content due to matric to normal load strength (W/mý 
(0) suction (kN/m) (Mm) 
6 87 142 229 
10 67 142 209 
1 
is 40 142 182 
200 20 20 142 162 
25 8 142 110 
30 2 142 144 
35 0 142 142 
6 92 75 167 
10 71 75 146 
15 43 75 118 
100 20 22 75 97 
25 9 75 84 
30 2 75 77 
35 0 75 75 
6 99 40 139 
10 77 40 117 
15 46 40 86 
so 20 23 40 63 
25 10 40 50 
30 2 40 42 
35 0 40 40 
Table 6.7 The affect of volumetric moisture content on the shear strength of the 
Portsmouth brickearth 
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The increase in shear strength due to an increase in matric suction explains 
the difference in behaviour observed during the consolidation tests. This increase and 
its associated contribution to the overall shear strength of the air-dried samples is 
sufficient to prevent the occurrence of microshearing of the clay-bridges. The 
volumetric water content at which the magnitude of the matric suction is sufficient to 
increase the overall shear strength of the brickearth to a value greater than the applied 
normal stress has been termed 0, (Table 6.8). Below this value, which varies 
according to the applied normal stress, the brickearth should be able to resist 
compression during loading and maintain an open structure. Therefore, increasing the 
risk of collapse upon innundation. 
Applied p PI ied Critical volumetric water content (0,,, d 
mss OW stre 
s 0 
(Mmý m 
so 
F 
So 25% 
100 100 19% 
200 12% 
Table 6.8 The critical volumetric water content, 0, for the Portsmouth brickearth 
Inundation of the samples with deionised water causes a decrease in matric 
suction, and associated with this is a decrease in shear strength. In the air-dried 
samples this manifests itself in the form of rapid consolidation or collapse. No collapse 
was observed in those samples tested at field moisture content, as these samples had 
undergone comparatively high degrees of consolidation prior to innundation. In these 
cases it can be assumed that a maximum repacking of the grains and densification of 
the material had occurred and the addition of water would have had no discernable 
effect. 
Although the inclusion of the matric suction parameter in the determination 
of the original shear strength of the material adequately explains the behaviour of the 
brickearth at the outset of testing. The collapse behaviour observed during the 
unloading phase of the tests requires a more detailed explanation. 
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6.5.1 Statistical verification of the shear strength results 
To be able to attribute some degree of confidence to the results reported in 
the previous sections, and to take into account variations due to sarnpUng and 
laboratory testing a statistical analysis of the strength parameters was undertaken 
using the @Risk software, Palisade Corporation (1997). Obviously, as with most 
geotechnical projects there were insufficient data to define a probability density 
function (PDF). Therefore, a PDF was selected based on the research and subsequent 
recommendations of Lumb (1974), Baecher et al. (1980) and Chowdhury (1984) who 
all concluded that a truncated normal distribution was the most appropriate PDF for 
the tan ý' , parameter. Once the shape of the PDF had been selected other 
parameters such as the mean and standard deviation were defined using published 
values for the coefficient of variation (V, ) (Phoon et al., 1995 and Phoon & 
Kulhaway, 1999) (Table 6.9). 
Applied Tangent of the Coefficient of Standard Mean Min, Max 
normal stress residual angle of variation, V,, deviation a, : k3a,, 
1 
(Mmý friction &om Fig 6.9) (Phoon et al., 1999) 
50 1 0.6843 1 100/6 1 0.06943 1 0.6843 10.4790 0.8896 
Table 6.9 Example of the inputparameters in the statistical verification 
These values formed the input parameters for the truncated normal 
distrfttion model. 10000 values for the shear strength parameter tan ý' ,. were 
selected and placed into Equation 6.14 and the shear strength calculated. The results 
were plotted as a cumulative frequency distribution (Figure 6.11). 
The process was repeated for different values of applied normal stress (aj 
for both a saturated sample and an air-dried sample. From these results the probability 
of the shear strength being greater than the shear stress can be determined. For 
collapse to occur the shear strength of the brickearth must be greater than the applied 
shear stress to prevent densification of the sample occurring prior to the innunclation 
stage. The results of the statistical analysis (Fig 6.12) show that for the saturated 
sample there is a 90% probability of the shear strength being less than an applied 
243 
normal load of 5OkN/d. Therefore, there is a 90% probability of consolidation 
occurring during this loading stage of the oedometer test. VADA for the air-dried 
sample there is a61% probability of the shear strength being greater than an applied 
load of 200kN/m' and 100% probability of it being greater than l70kN/rr?. In this 
case the sample has sufficient shear strength to resist compression during the loading 
stages of the oedometer test and maintain an open structure enabling densification to 
occur upon innundation with deionised water. 
6.5.2 A deterministic chart as an aid to the prediction of the collapse potential of the 
Portsmouth brickearth 
To enable the collapse potential of the Portsmouth brickearth to be 
predicted a simple design chart has been produced (Fig 6.13). This chart shows the 
applied stress, or foundation pressure, on the x-axis and the both the volumetric water 
content and the moisture content on the'v-axes. The area on the top left-hand side of 
the chart represents combinations of these parameters that result in the densification 
of the material during loading, and hence no collapse upon innundation. Similarly 
applied stress/moisture content combinations that plot in bottom right-hand side of 
the table represent situations where the shear strength of the material is greater than 
the applied stress, in this area collapse can be expected upon innundation. Two Rirther 
lines are included on the chart representing the probability of collapse occurring. The 
positions of these probabilistic contours were determined by substituting the results of 
statistical strength analyses into Equation 6.14, at different volurnetric water contents 
and matric suctions (Fig 6.8) 
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6.6 The Post-CoHapse Behaviour of the Brickearth 
Subsequent to the completion of the loading stages of the one-dimensional 
consolidation (oedometer) tests the samples were systematically unloaded. With one 
exception all the samples began to display some degree of swelling, as the load was 
reduced to 100 kN/n3? or 50 kN/ne (Fig 614). To aid investigation of this behaviour a 
series of free-swell tests were carried out. Four samples of Portsmouth brickearth 
were tested, I of the samples had previously undergone oedometer testing and 3 were 
newly extruded samples (Table 6.10). The samples were placed into an oedometer 
celL flooded and the changes in height of each of the samples were measured using a 
dial test indicator (DTI) gauge. Thus the only load on the samples was the weight of 
the porous plate and any force exerted by the spring loaded plunger of the 
DTL(approximately WN/rr? in total) 
Sample no Condition Consolidation tested Collapse 
POM IA Air-dried Yes No 
POM 2A Air-dried No No 
POM 3A FMC No Yes 
POM 4A FMC No Yes 
Table 6.10 Details of the brickearth samples that underwent the 'firee swell" tests 
Of the samples that underwent the swelling tests only two exhibited 
collapse behaviour (Fig 6.15). Both of these samples belonged to the group that were 
tested at field moisture content and one of them had previously undergone oedometer 
testing. 
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The potential for volume change of clay soil is dependant on several factors: 
its initial moisture content, initial density or void ratio, its microstructure and the 
vertical stress, as well as the type and amount of clay mineral present. Aboushook 
(1994) observed that during swelling the value of shear strength (r) reduces, and 
suggested this reduction was due to a decrease in the internal interlocking of the soil 
particles, and corresponding reduction in the internal angle of friction, ý% as the 
sample approached saturation. Head' (1992) stated that an overconsolidated clay 
when unloaded possessed very high suction tensions within the soil skeleton. These 
draw water into the voids causing the volume of voids to increase, and the soil to 
swell and eventually, often rapidly, to disintegrate. 
The first thing to note is that all the samples that exhibited this collapse 
behaviour were the ones that were tested at field moisture content. This strongly 
suggests that some process, either during the air drying phase or during the 
consolidation of the material served to alter one or more of the soil properties of the 
air-dried samples. In a saturated soil only two phases exist i. e. the solid phase and the 
water phase, whilst in an unsaturated sample there are the four phases described in 
section 6.4. During the swelling phase of the test the samples were saturated then the 
two phases of interest are the air and water phases. Tberefore, in the following 
sections consideration will be given to changes that could affect either the solid phase, 
i. e. changes in the fabric of the material, and changes that could affect the water phase 
i. e. changes in the chemistry of the pore-fluid. 
6.6.1 Potential changes in the fabric of the brickearth 
Croney et al. (195 8) pointed out that compacted clays did not exist as a 
uniform mass of clay particles, but that aggregations of clay particles formed during 
compaction and were separated by comparatively large air voids. Subsequent 
microscopic observations of these aggregations demonstrated this was the case 
(Barden & Sides, 1970). Brackley (197 1) proposed a model of unsaturated clay fabric 
in which clay particles grouped together in packets. He suggested that the voids 
around these packets were saturated, while the inter-packet voids were filled with air. 
This assumption allowed him to describe a 'packet void ratio' (PVR) which defined 
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the void ratio existing within the packets. 
Collins & McGown (1974) developed a fabric characterisation scheme 
which divided fabric into three levels: the elemental level, the assemblage level and the 
composite level. Zein (1985) used this system to categorise a compacted black cotton 
soil. This work suggested that on the dry side of optimum the soil was highly 
aggregated. Whilst on the wet side aggregation was not present in the soil structure. 
Therefore, soils compacted on the dry side of the optimum moisture content consist 
of soil packets. Although the void ratio within the packets may not vary greatly from 
one packet to another. The overall bulk void ratio can vary considerably, depending 
on the degree of aggregation and the size of inter-packet voids. If the suction is large 
enough to prevent breakdown, these packets will behave as individual large particles. 
This will lead to the soil behaving in a more granular fashion than would be suggested 
by its mechanical grading. A reduction in the suction could lead to the packet 
structure becoming unstable, as it is maintained by suction. A reduction in suction 
may therefore produce a decrease in volume (collapse) due to the breakdown of the 
packet structure. 
The samples of brickearth that underwent the oedorneter test procedure 
were tested at various moisture contents, both above and below the optimum 
moisture content of the material. Therefore, it seems possible that the act of 
consolidating the material caused two different fabrics to be produced within the 
brickearth. As stated earlier the degree of saturation has a profound effect on the 
collapse behaviour of the brickearth. It was assumed that after inundation with 
deionised water the samples were all 100% saturated, however this may not have been 
the case. During consolidation positive pore-water pressures would tend to force the 
water out of the sample until these pressures return to equilibrium. As a clay or clay 
soil swells the permeability of the soil increases, if as is proposed the brickearth was 
not fiffly saturated it could contain air-filled voids these voids could become trapped 
within the soil matrix during consolidation. Subsequently as the soil swells, the 
associated increase in permeability may allow the entrapped air to migrate out of the 
soil, initiating a rapid decrease in volume under very small loads. 
The final consideration is possible changes in the pore-water chemistry. 
During the drying process any dissolved salts within the specimen would be 
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precipitated out as solid crystals. The growth of these crystals could in itself destroy 
or modify the fabric of the material. Once again if the material was then not fiffly 
saturated during the latter stages of the test these crystals may not be dissolved back 
into the deionised water when the sample is flooded, leading to variation in pore-fluid 
chemistry between the different samples. 
6.6.2 Electro-mechanical properties of clay particles 
To understand the effect of changes in pore-fluid chemistry on the 
mechanical properties of fine-grained soils it is necessary to start by looking at the 
properties of individual clay particles. Most clay minerals consist of two crystal 
structures, a tetrahedron of silicon and oxygen and an octahedral sheet of magnesium, 
or aluminiurn and hydroxyls. If magnesium is the dominant cation then the unit is 
called brucite and if aluminium. is the dominant cation the unit is referred to as 
gibbsite. The three most common clay minerals, kaolinite, illite and montmorillonite 
consist of combinations of these units and the silicon/oxygen tetrahedron (Fig 6.16). 
In kaolinite a tetrahedral sheet is combined with a gibbsite sheet separated 
by a layer of oxygen atoms. These combined units are then stacked in a parallel array, 
held in place by hydrogen bonds. Illite consists of a three layer system of gibbsite 
between two silica tetrahedral sheets weakly bonded together through non- 
exchangeable potassium ions. Montmorillonite has a similar structure to that of illite 
but in this mineral the space between the sheets is occupied by water molecules and 
exchangeable cations. Weaker bonding between the sheets means that 
montmorillonite is much more susceptible to swelling as a result of the amount of 
water present between the sheets. 
Ideally all the unit layers are electrically neutral, however, in reality this is 
rarely the case and they tend to develop net negative charges on the clay surface. This 
charge imbalance can be the result of broken crystal bonds or due to substitution of 
other cations for the silica in the tetrahedral sheet or the magnesium/aluminium in the 
octahedral sheets during clay formation. In order to attain electroneutrality, 
exchangeable cations take up positions between the unit layers and on the particle 
surfaces. Cations associated with the external surface of the clay mineral are easily 
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replaced and are consequently referred to as exchangeable cations. If the cations are 
adsorbed between unit layers they may or may not be exchangeable. The quantity of 
exchangeable cations required to balance the charge deficiency of a clay is termed its 
Cation Exchange Capacity (CEQ and is usuaUy expressed in miUiequivalents per 100 
grams of dry soil (meq/1 OOg of air dry soil). One other property of the clay mineral 
affects its ability to adsorb water and exchange cations, it is known as its specific 
surface (A) which is defined as the surface area of a clay mineral compared to its 
mass (e1g). Table 6.11 provides typical values of CEC and A, for the three basic clay 
minerals. 
The large surface areas and negatively charged surfaces make clay minerals 
particularly sensitive to the development of interfering force fields between individual 
particles. Although the forces are small they are of significance due to the small mass 
of the clay particles themselves. The magnitude of these forces are directly influenced 
by the chemistry of the fluid phase between the particles. As a result of these 
interactions interparticle attractive and repulsive forces are developed. 
Mineral I Specific 
Gravity 
Specific 
surface (ml/g) 
Cation Exchange 
Capacity (meq/ I 00g) 
Ratio of diameter to 
thickness of 
individual particle 
Kaolinite 2.6 to 2.68 10 to 20 3 to 15 2 to 5 
Illite 2.6 to 3.0 65 to 100 10 to 40 10 to 50 
Montmoriflonite 2.3 5 to 2.7 , 
700 to 840 80 to 150 150 to 500 
Table 6.11 Typical valuesfor Cation Exchange Capacity and specific surfacefor 
common clay minerals (after Conlin and Claridge, 1986) 
These forces are commonly described as long range-forces; they include 
electrostatic forces between charged clay particles and van der Waals; forces, and 
short term forces; including Born repulsion, surface and ion hydration, prfinary 
valence bonding and cementation (MtcheU, 1976). 
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6.6 ZI Long-range attractive forces 
The dominant long-range attractive force is that due to London van der 
Waals; force. This is a force that exists between all matter and consists of a 
electromagnetic attraction between two vibrating molecules. Mitchell (1976) 
demonstrated that this attractive force is sensitive only to changes in dielectric 
constant of the fluid between the particles and temperature. The second long-range 
attractive force is that developed due to electromagnetic attraction. In many clays the 
edges can develop strong positive charges whilst the clay surfaces are negatively 
charged. this allows a strong attraction to develop between oppositely charged faces 
and edges. 
6 6.2.2 Long-range repulsiveforces 
The dominant long-range repulsive force is that developed due to 
electromagnetic repulsion of the negatively charged surfaces of the clay minerals. In 
order to attain electroneutrality a diffuse double layer of cations develops around the 
particle. The distribution of charge density and electric potential in the diff4se double 
layer are described by an equation known as the Poisson-Boltzman equation. 
The charge density and electric potential vary as a function of. - distance 
from the clay surface, surface charge density, surface potential, electrolyte 
concentration and valence, dielectric constant of the fluid and temperature. The 
influence of these factors can be seen in the equation for distance to the centre of 
gravity of charge density surrounding a semi-inýinite negatively charged clay particle. 
This distance can be considered as being representative of the 'Wckness" of the 
diffuse double layer (MitchelL 1976). 
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(6.17) 
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Where: IIK is the thickness of the double layer, 
D is the dielectric constant; 
k is the Boltzman constant (ergs/K); 
n,, is bulk solution electrolyte concentration (ions/cnf); 
6 is unit electronic cbarge; 
V is the cation valence; and 
T is the absolute temperature (OK). 
Equation 6.17 demonstrates that the thickness of the diffuse double layer 
will change in response to changes in dielectric constant, concentration and valence of 
the pore-fluid. The extent of these changes as a result of these factors is illustrated in 
Figure 6.17. 
662.3 Netforce of interaction 
In clay suspensions the long-range forces of attraction and repulsion 
between particles combine to create a resultant net force (Fig 6.18). When this 
combination of forces results in a strong net attractive force the particles are drawn 
together and the material undergoes flocculation. Where a repulsive barrier is 
maintained dispersion of the particles occurs and the particles are prevented from 
approaching each other. As with the diffuse double layer, the net force of repulsion 
minus attraction (R-A) is sensitive to changes in electrolyte concentration, cation 
valence, dielectric constant, pH and temperature. For example, if cation valence or 
concentrations are increased the repulsive force decreases and a greater tendency 
towards flocculation results. 
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Lambe (1958) stated that any change in soil water system that expands the 
diff-use double layer of the associated clay minerals, tends to decrease the soil strength 
(at a given void ratio), since interference increases interparticle repulsion. This 
concept leads to the prediction that any of the following changes would generally 
reduce the shear strength of a clay (Table 6.12). 
Potential causes for the reduction in strength of a clay 
1 Reduction in electrolyte concentration 
2 Cation exchange from high to low valence 
3 Exchange from a cation of small hydrated radius to one with a large 
hydrated radius 
4 Adsorption of anions 
5 Increase of dielectric constant of pore-fluid 
6 Increase in the pH of the pore-fluid 
7 ecrease in temperature 
8 Increase in water content 
Table 6.12 Potential causes of loss of strength in clays (after Barbour, 1990) 
Lambe (1960) introduced the equation relating total extemal stress to the 
internal stress in a particular soil system. The equation effectively modified the 
effective stress equation to take into account interparticle repulsion and interparticle 
attractiom 
cr = cr'+ u+ (R-A) (6.18) 
Where a is the total external stress; 
is the effective intergranular contact stress; 
u is the excess pore fluid pressure; and 
(R-A) is the net interparticle repulsive stress. 
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The samples of brickearth tested at FMC were found to be fiffly saturated 
prior to the onset of testing. Therefore, during inundation none of the deionised water 
would have entered the specimen and the pore-water would have maintained its initial 
chemistry. However, during consolidation some of this pore-water would have been 
forced out of the sample by strong positive pore pressure induced in the material 
during consolidation. This evacuated fluid would undergo dilution with the 
surrounding deionised water, prior to being drawn back into material by strong 
negative pore pressure induced as the sample underwent swelling. Barbour (1990) 
stated that an increase in the net interparticle repulsive stress (R-A) due to dilution of 
an already brine contaminated pore fluid will lead to a decrease in effective stress a'. 
This may result in swelling of the elementary particle arrangements but could also 
cause a weakening of the shear resistance at the inter-assemblage contacts resulting in 
collapse. 
The unsaturated air-dried samples would also have had their pore-water 
chemistry modified by the addition of deionised water. However, in this case this 
modification would occur during the collapse phase of the test procedure and form a 
collapse stmcture influenced by that pore fluid and its associated electrolytic 
properties. In this case there are only minor changes in the pore-fluid chemistry during 
swelling, which are insufficient to cause any major change in the net (R-A) such that 
no collapse of the material is initiated during unloading. 
6.6.3 Changes in pore-fluid chemistry 
The results of the analyses of the pore-fluid chemistry, in samples that had 
undergone oedometer testing, were reported in section 5.5. These identified 
differences in the pore-fluid chemistry between those samples that had undergone air- 
drying and those that were analysed at field moisture content. The results suggest that 
pore-fluid chemistry can be modified by air-drying the sample. Samples Wl-W3 were 
fully saturated (S =I 00%) and had a lower concentration of sodium (Na), potassium 
(K) and magnesium (Mg) than the two groups of samples that had undergone air- 
drying (D I -D3, UD I -LJD3) (Fig 5.4 1). However, iron (Fe) and sodium (Na) were 
inconclusive, with a scatter of results. Of the two sets of air-dried samples, those that 
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had undergone the centrifuge extraction process (D I -D3) exlubited consistently lower 
pore-fluid concentrations than the ones that had undergone a period of soaking (UD I- 
UD3). 
After these initial tests, a second series of analyses were carried out to 
ascertain whether changes in pore-fluid chemistry occurred as a result of 
consolidation (Table 6.13). A further three samples of brickearth from the same 
borehole were analysed. These samples (W4-W6) were also analysed at FMC but 
differed from (WI-W3) as they had not undergone the consolidation test procedure. 
The results of these analyses show an increase in the concentration of all the elements 
analysed, when compared to sample (WI -W3), and have similar values to those 
recorded during the analyses of the air-dried samples. 
Sample no. K (ppm) mg (Ppm) Mn (ppm) Na (pp) Fe 
WI* 0.81 1.90 0.06 5.18 0.79 
W2* 0.69 1.17 0.11 3.88 5.05 
W3* 0.69 1.07 0 4.63 1.26 
W4 2.38 2.06 0.51 3.72 6.98 
W5 1.95 3.14 0.42 3.41 5.09 
W6 3.07 2.77 0.29 4.97 7.34 
* previously reported in Table 5.22 
Table 6.13 Changes in pore-fluid chemistry as a result of oedometer testing 
The results of the pore-fluid analyses show that changes in the pore-fluid 
chemistry do occur during air-drying and oedometer testing. Enrichment of the pore- 
fluid associated with the air-dried material is not possible as deionised water was the 
only flooding medium used. Therefore, one must conclude that a process of dilution 
of pore-fluid has affected the FMC samples. This is confirmed by the similarity 
between the pore-fluid chemistry of the air-dried samples and the FMC samples that 
had not undergone oedometer testing. 
Without further research the description of the exact process of dilution that 
occurred can only be speculative at best. 
261 
In conclusion, it is safe to say that modification of the pore-fluid chemistry 
occurred as a result of air-drying and subsequent testing of the brickearth. It is likely 
that the different post-collapse behaviour exhibited during the swelling phase of the 
oedometer testing is wholly or at least partly a manifestation of these chemical 
changes. 
6.7 Conclusions 
The one-dimensional consolidation tests and the analyses of the results show, 
that under certain moisture regimes the brickearth has the potential to exhibit 
metastable behaviour. This confirms the results of Butcher (199 1) and Fookes and 
Best (1969) who in separate studies determined the metastability of the deposit after 
extensive reworking. . 
This research has shown that the fundamental control on the collapse potential 
of the brickearth is its moisture content, due to the effect of matric suction and the 
increase in shear strength associated with this phenomenon. For the Portsmouth 
brickearth the laboratory tests have shown that the moisture content at which the 
mode of behaviour changes from one of high initial compression and no collapse to 
one of relatively low initial compression and subsequent collapse, is dependent on 
both the moisture content and the applied normal stress. 
The study of the pore-fluid chemistry has confirmed that changes occur due to 
dilution of the fluid with deionised water. This dilution affects the properties of the 
clay minerals in the material and manifests itself during testing as the secondary phase 
of collapse observed in the samples tested at field moisture content. 
It appears that the initial fabric of the material does not play as larger a role, 
in the behaviour of a material, as previously thought. Further studies into the 
behaviour of other silt-rich materials with different depositional histories would be 
necessary to confirm this. 
Finally this research has shown that the brickearth can exhibit metastable 
behaviour given certain prerequisites. Whether such conditions could be foreseen in 
the field remains to be seen given current predicted climatic changes. 
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Chapter 7 Development of a Provenance Model 
7.1 Introduction 
Using the data from the geochernical and geotechnical testing programmes, 
reported in chapters 4 and 5, a model for the provenance of the widespread silts and 
silty-clays of the study area has been developed. 
7.2 The Age of the Brickearth 
Before discussing any of the evidence that will enable a provenance model to 
be developed, the problem concerning the geological age of the material must be 
considered. Some work has been carried out on thermoluminescent (TL) dating of the 
various loessic deposits of southern England (Park and Rendell, 1992; Wintle, 198 1). 
Of the sites that have undergone TL dating several coincide with the sample sites 
visited during the course of this research (Table 7.1). It is apparent from Table 7.1 
that all the brickearth samples that have been TL dated are products of the glacial 
stages of the Quaternary period, with the vast majority dating from the Late 
Devensian stage (10000-26000ka BP). 
Eight of the sites where TL dating was undertaken coincide with locations 
visited in this research (Table 7.1). At seven of these, the samples were dated as Late 
Devensian (14.8ka-21.3ka BP), whilst Boxgrove (NGR 492350 108550) appeared to 
have been significantly older (147ka BP). In the current research, samples collected 
from this location do form interesting outliers on some of the plots. 
The brickearth is a product of the periglacial conditions associated with the 
cold stages that affected Britain during the Middle/Late Pleistocene (Fig 2.13). 
Global ice volume changes reflected by the changes in the oxygen isotope record 
show that many major climatic fluctuations occurred during the Quaternary epoch 
(Boulton, 1992). Therefore, it would seem entirely possible that the samples being 
used in the research could originate from one or more of these cold stages or 
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glacials. 
Site location TL age 
(ka) 
Glacial/ 
InterWacial 
I Stage I Worker 
Northflcet 136d: 15.1 Glacial Woolstonian Parks & Rendell 
Sussex Pad 79.8±9.0 Glacial Early Devensian Parks & Rendell 
Boxgrove* 147: k2L3 Glacial Woolstonian Parks & Rendelf 
Bernbridge 17.9&2.0 Glacial Late Devensian Parks & Rendell 
Howgate 23.7±2.2 Glacial Late Devensian Parks & Rendell 
Freshwater Bay 23.3±2.8 Glacial I-Ate Devensian Parks & Rendell 
Pegwell Bay* 
Pegwell Bay (2) 
168±1.7 
14.8+2.9 
Glacial 
Glacial 
Late Devensian 
Late Devensian 
Parks & Rendell 
Wintle 
Reculver* 15.2: LI. 6 Glacial Late Devensian Parks & Rendell 
Selsey* 15.3: kZ3 Glacial Late Devensian Parks & Rendefl 
Hope Gap 109.4: kl4.0 Glacial Early Dcvensian Parks & Rcndell 
Southend 18.4±2.1 Glacial Late Devensian Parks & Rendell 
Faversharn 18.5±2.1 Glacial Late Devensian Parks & Rendell 
Lepe Point* 21.3i: Z 7 Glacial Late Devensian Parks & Rendell 
Bobbing 21.2, +2.8 Glacial Late Devensian Parks & Rendell 
Spotlane 50.90.6 Glacial Middle Devensian Parks & Rendell 
Holbury 134.1±15.8 Glacial Woolstonian Parks & Rendell 
Ferring 10.7*1.3 Glacial Late Devensian Parks & Rendell 
Telsoombe 15.7*1.9 Glacial Late Devensian Parks & Rendell 
Sturt Pond 32.4: E3.7 Glacial Middle Devensian Parks & Rendell 
Hordle cliff 11.8±1.4 Glacial Late Devensian Parks & Rendell 
Barton on Sea* 
Barton on Sea (2) 
16 6: k2.0 
18.8: b3.6 
Glacial 
Glacial 
Late Devensian 
Late Devensian 
Parks & Rendell 
07intle 
Chilling* 15.3=k: 1.8 Glacial Late Devensian Parks & Rendell 
Highcliffe 19.5: k2.4 Glacial Late Devensian Parks & Rendell 
Church Street 62.817.4 Glacial Early Devensian Parks & Rendell 
Goring 16.712.0 Glacial Late Devensian Pasks & Rendell 
St Mary's 
Scilly Isles 
19.613.7 Glacial 
I 
Late Devensian 
I 
Wintle 
LizardPenninsular* 15. W. 2 
I Glacial I ate Devensian Wintle 
*results in italics correspond to sample sites visited during this research 
Table 6.1 TL age ofsome brickearth ofsouthern England 
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Finally, this possible anomaly in the age between the samples should, and to 
an extent this research proves, have little effect on the geochemistry of the material. 
Atmospheric circulation was controlled by anticyclones centred above the large 
glacial ice masses (Lamb & Woodroffe, 1970), which means throughout the various 
cold stages the country would have been subjected to the same atmospheric 
circulation, entraining similar silt size mineral assemblages. 
7.3 Granulometric Composition 
The particle size analyses of the brickearth samples, collected from sites 
across southern England, demonstrate a general uniformity in the silt-size particle 
content. The regional variations in the mechanical grading of the material affecting 
only the clay and sand-size particle content, there being a direct relationship between 
the two, i. e. a decrease in the sand-sized particle content is accompanied by an 
increase in the clay-sized particle content. Using the five regional groups described in 
chapter 2 it is possible to categorise the material using the descriptive system for 
loess developed by the International Union for Quaternary Research (INQUA, 1965) 
(Table 7.2). From these descriptions it can be seen that the brickearth of the Wealden 
Basin and the southwest RM the INQUA requirements of a loess, whilst those of the 
Sussex area of the Hampshire Basin group and Devon & Dorset conform to the 
INQUA description for clayey-loess, finally, the deposits of the Hampshire area of the 
Hampshire Basin group fidM the requirements of a sandy-loess (Table 7.3). The 
dominant particle size range in all the brickearth samples tested during this research 
was found to lie within the silt-size range (2-60p=). To understand more about the 
origin of the brickearth it is necessary to look at the processes that are responsible for 
the formation of silt-size material. 
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Descriptive Term Material Characteristics 
Loess The definitely dominant fraction of the material is within the 
7710- 
Y 20mm range (coarse silt, fine sand), unstratified, primarily 
calcareous, porous capillary network, dry material is yellow buff to 
brownish yellow. 
Sandy Loess Mxture of grain sizes in the ranges: 60-20M and 500-200pm(fine 
sand and medium sand) very often unstratified or in thin beds, 
usually non-calcareous, not so porous as loess, colour similar to loess. 
Clayey Loess Peak particle size of the sediment is within the range from 
60-20pm with 25-30% of the particles smaller than 21im (clay size); 
unstratified, low porosity with a colour similar to that of loess 
Table 7.2 Material descriptionsfor loessic deposits (after INQUA, 1965) 
Brickearth sub-group Average percentage (*/o) 
clay silt sand 
I INQUA classification 
Kent and Surrey 18 70 12 Loess 
Sussex 27 63 10 Clayey Loess 
Hampshire 21 54 25 Sandy Loess 
Devon and Dorset 25 58 17 Clayey Loess 
Southwest 17 71 12 Loess 
Table 7.3 Classification of the brickearth ofsouthern England 
7.3.1 Formation of Silt-Size Particles 
The mechanisms that could produce the vast amounts of silt-sized material 
have been a source of widespread debate (SmaRey, 1966; Sharp and Gomez, 1986; 
Wright et al., 1998; AssaUay et aL, 1998). The association between present or former 
glaciated areas and major global loess deposits led to the widespread assumption that 
loess-sized quartz silt production was predominately a function of sub-glacial 
processes (Smalley, 1966). Smalley concluded that of the three potential processes: 
frost action, therrnal action and glacial grinding only the latter could produce the 
required amount of silt-sized material. 
Rabinowicz (1995) identified five principal wear processes, all of which may 
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be expected to occur in a glacial envirorunent (Table 7.4) 
Adhesive wear Abrasive wear 
I Corrosive wear 
I 
Brittle fracture 
Surface fracture Fatigue fracture 
Temporary A hard asperity Sliding removes Wear involves Cracks form in 
adhesion ploughs a groove the corrosive the formation of or below the 
between points through a softer product, surface cracks sliding surfitces 
on the sliding surface by plastic allowing during sliding as a result of 
surface leads to deformation corrosion to subsurface stress 
shear at some continue variations 
point from the 
I oriainal interface I 
Table 7.4 Classification ofsub-glacial wearprocesses (after Rabinowicz, 1976) 
Haldorsen (198 1) carried out a series of baU miU experiments in both wet and 
dry conditions, designed to investigate the effects of crushing by percussion and of 
abrasion by particle-particle contact on samples of Norwegian sandstone. In this 
series of experiments, the grain size of rock fragments was reduced until a stable log- 
normal size distribution was achieved and no further comminution occurred. The final 
result of these crushing experiments was a series of mono-mineral fragments whose 
size reflected the size of the parent minerals indicating that fracture took place 
primarily along mineral boundaries. The abrasion experiments produced silt-size rock 
flour which was smaller than the parent rock mineral grains. Feldspars and sheet 
silicates were selectively comminuted, but quartz grains were rarely affected by the 
comminution process and reflected the size of the parent minerals (Fig 7.1). 
Laboratory analyses of different silt forniing processes, carried out by Wright 
et al. (1998), generaUy agreed with the findings of HaIdorsen (1981) attesting to the 
stability and resistance of fresh sand-size quartz grains to finiher comminution. 
Wright et al (1998) tested the efficiency of several potential silt-forming processes 
and these results are summarized in Table 7.5 . 
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Silt Forming Process Run Duration 
1 
Amount of fine (<63pm) 
1 
material produced (g/kg) 
Glacial grinding 24 hours 47.4 
Fluvial comminution 
(sand only) 
32 hours @155 rpm <130 
I 
Fluvial comminution 
(sand plus ceramic spheres) 
32 hours @ 155 rpm 900 
Aeolian abrasion 96 hours 287 
Frost weathering 360 cycles (42' to + 15T) 0.44 
Salt weathering 40 cycles saturated Na2SO 3_ 
41.6 
Table 7.5 Summary of the results ofsilt production experiments (compiledfrom 
Wright et d, 1998) 
The results presented in Table 7.5 illustrate the wide range of processes that 
can produce silt-sized quartz particles and their effectiveness. It shows, that under 
laboratory conditions, glacial grinding is not the most efficient producer of silt 
contradicting the long held view that it is the only efficient mechanism of silt 
production (SmaUey, 1966). However, some care must be taken when dismissing this 
process out of hand, both the laboratory tests of Haldorsen (198 1) and Wright et al. 
(1998) used fresh quartz sand in their analyses. It is entirely possible that the sub- 
glacial material had undergone other forms of weathering processes prior to inclusion 
in the sub-glacial sediment load. Pye (19 89) observed that several weathering 
processes can operate simultaneously and as such represent an important agent in the 
preparation of material for further transport in aeolian, fluvial, or glacial environments. 
Both the fluvial comn-dnution and the aeolian abrasion experiment also proved to be 
important producers of silt-size materials. 
Therefore, it seems probable that no one process was responsible for the 
production of the silt that constitutes a large part of any loessic deposit. The silt 
present in the initial weathering product of the parent rock, being supplemented by silt 
produced by glacial grinding. This material was then Ruther enriched, by silt 
produced in the transportation phase of the sediment's history, by both fluvial 
comminution and aeolian abrasion creating the silt rich composition that characterises 
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these aeolian deposits. 
7.3.2 Regional Trends in the Granulometric Composition 
The regional trends that were reported in section 4.2 have been used to help 
defme a transportation direction for the brickearth. The azimuths of the greatest 
anisotropy have been used to infer transportation directions (Table 7.6 and Figure 
7.2) 
Regional group Azimuth of wind direction associated with the trend in: 
Clay Sand 
Wealden goo goo 
Hampshire Basin goo goo 
Southwestern inc. Devon & 
Dorset 
120' 120" 
Table 7.6 Proposed wind directions associated with the trends in the Cla size- and y 
sand size particle content of the brickearth ofsouthern England 
Although most of the proposed trends are consistent with an easterly/south 
easterly transportation regime, certain of the granulometric trends within the model, 
especially the westerly coarsening of the modal particle size within the Hampshire 
Basin group, requires further discussion. 
7.3.3 Discussion of the Variation in Composition 
The fining of the modal particle size has been used to suggest a single easterly 
source for the brickearth of southern England (Catt, 1979). The current research 
suggests that the variations in the granulometric composition are far more 
complicated than a simple westerly fining regime. In both the Wealden and the 
Hampshire Basin groups of samples there is an increase in the modal particle size 
evidenced by the increase in the sand-size particle content. If an easterly source is 
considered, this contradicts the accepted fining away from source modeL 
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In the Wealden area, Smart et al., (1966) described thicknesses of "head" 
brickearth of 6.7m at Molash, and postulated that the average thickness of this 
material, in the Canterbury and Folkestone area to be nearer 4.5m. Contemporary 
measurements made from the 6-inch geological maps revealed that the total outcrop 
of brickearth in the area to be 89.9 square kilometres; of this only 6.6 % rested on 
slopes which faced in directions between north-west and south and 9.9 % between 
slopes facing between south and southeast (Fig 7.3). Smart et aL, (1966) concluded 
that the relative absence of the brickearth on slopes between northwest and south was 
the result of the topography of the area and to insolation. However, if an aeolian 
transport regime is envisaged, this would also account for the variations in 
distribution. Pye (1996) described the affects of different surface and topographic 
features and demonstrated how entrained dust is deposited on the windward side of 
such obstacles (Fig 7.4). 
Parks (1989) considered the westerly increase in the sand-size particle content 
in the Hampshire Basin area. He explained this apparent anomaly as the result of the 
deflation of the then exposed Tertiary sands by the silt-laden winds. The model he 
proposed involved the easterly approach of a loess coverage that gradually mantled 
the source of the material (Fig 6.5). This led to the sites in the west of the area being 
exposed longer to the potential inclusion of sand-size particles. 
Gillette et eL (1996) introduced the concept of fetch, which he described as 
the increase of soil mass flux with downwind distance from the leading edge of an 
erodible material. It involves the avalanching effect in which one particle moving 
downwind would dislodge one or more particles upon contact with the ground, 
Obviously without the exposure of suitable materials at the ground surface this would 
have little or no effect on the sand-size particle content of the airborne material. 
Therefore, the author believes it is a combination of both the fetch effect and 
reduction of available material or the suitability of the ground conditions for deflation, 
that are primarily responsible for the increase in the sand-size particle content seen in 
the Hampshire Basin brickearth. 
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transportation direction 
clay-size particles 
sand-size particles I 
Hunpshire Basin 
Southwestem Devon & Domt 
Wealden 
100 
Fi gum 7.2 Transportation directions associated with the spatial trends of the 
granulometric composition of the brickearth of southern England 
N 
27.44 km' 
NW 16.05 
(30.6%) NE 
(17. Wo) 
10.36 km' 
2.07 km' 
< 
(11.6%) 
w- 
(2.3%) 
------ -E 
1.55 km' 
20.97 kW 
(23.4%) 
2.3 3 kd ý 8.80 km' 
(2.60/, ) (9.9%) SE sw 
Figure 7.3 Rose diagram showing the areas qf brickearth present on slopes which 
fiace within the compass areas shown (modifiedftom Smart et al., 1966) 
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fme dust 
sand dunes 
dust 
source 
Figure 7.4 Distal loess accumulation against topographic obstacle (after Pye, 1996) 
the advancing loess sheet 
covers the Tertiary sands 
restricting the material 
available for inclusion for 
deflation 
the brickearth in the $. 
west contains more sand 
as it has been exposed to the 
deflated sand for longer 
exposed Ter6aty sands 
silt-laden winds deposit silt-sized 
particles and the loess sheet 
advances from the west 
silt-laden wind 
advancing 
loess front 
r igure /.: ) A moael to expain tne increase in moaal particte-size oj tne Hampsnire 
Basin hrickearth (after Parks, 1989) 
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Hutchinson & Thomas-Betts (1990), based on the lack of periglacial features, 
investigated the geothermal flux of southern England. Figure 7.6 illustrates their 
conclusions, higher rates of heat flow in the Hampshire Basin and to west leads to the 
absence of features associated with a permafrost environment. On their map, the 
eastern boundary for the extent of permafrost coincides with the point where the 
linear decrease in the clay-size and associated increase in sand-size particle content 
commences. This localised area of higher heat flow in the Hampshire Basin and the 
lack of permafrost may indicate that ground conditions would no longer have been 
those of arctic tundra, but more akin to an oceanic regime, with an increased ground 
surface moisture content. Deflation of and saltation of wet particles requires higher 
energy i. e. a higher wind velocity. Field observations and wind tunnel studies have 
shown that gravirnetric moisture contents of approximately 0.6% can more than 
double the threshold velocity of sands, and gravirnetric moisture contents above 5% 
effectively render medium sands inherently resistant to movement by most natural 
winds (Belly, 1965). Obviously this evidence, to some extent contradicts the deflation 
model that was proposed for the increase in sand-size particle content of the 
Hampshire Basin group. However, there is a model that would explain both the 
increase in the sand and also allow for the lack of permafrost in the Hampshire Basin. 
As has been reported earlier that the deflationtsaltation of wet sand requires higher 
energy than is required for dry sand but the deflation fine grained material requires 
even higher energy, due to the inter-particle forces acting between the silts and clays. 
An increase in moisture content, albeit small, would increase the energy required to 
instigate movement dramatically. At a specific moisture content value, the saltation of 
sand-size particles may still occur, whilst the deflation of the finer grained particles 
will come to a halt and lead to an increase in the sand-size particle content. 
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7.4 Geochemical Compositional Trends 
The overaU similarity in the geochemical composition of the brickearth of 
southern England was reported in chapter 5. Superimposed on this compositional 
similarity are linear variations in several elemental constituents. In this section these 
variations will be studied to ascertain whether they are a result of post-depositional 
reworking or whether they are a result of changes in the source material, and as such, 
can be used to indicate the provenance of the brickearth. 
The geochernical analyses provide evidence of spatial variations in zirconium 
(Zr) in the Wealden and Hampshire Basin areas, titanium (TiO2), niobium (Nb) and 
chromium (Cr) in the Hampshire Basin area, and niobiurn (Nb), chromium (Cr) and 
nickel (Ni), in the southwestern samples. Following the same statistical analysis, as 
that reported for the granulometric composition, the azimuths of the direction of 
maximum variation were determined. These directions are shown in Figure 7.7, and 
closely correspond to the directions calculated for the particle-size trends. 
7.4.1 Elemental mineral associations 
To investigate these elemental trends, consideration must first be given to 
element / mineral associations (Table 7.7). 
Element lement Mineral association 
Zirconium II l Zircon, Rutile 
m Titanium -tanium 
F 
Sphene, 111menite, Garnet, Rutile, Cassiterite 
Chromium Chromium Chromite, Picotite, Crocoisite, Uvarovite 
ickel N Sulphide group minerals 
Niobium Phosphatic minerals, Rutile, 11menite, Zircon, 
Cassiterite 
Table 7.7 Element-mineral associations 
The association between zirconium (Zr) and the common detrital mineral 
zircon ZrS'04is well known. However, the relationship between niobiun-4 titanium 
276 
and zircon, three of the elements that demonstrate directional trends, is less well 
known. Nb is a lithophile element often associated with tantalum Ta, also in Group 
V, and with a similar ionic radius (0.68A)(Masson & Moore, 1982). Nb can substitute 
for Ti in common titaniferous oxides such as rutile, ilinenite and cassiterite. In 
addition Nb may be incorporated into various silicates (e. g., sphene, zircon, 
homblende and biotite) or may form a distinct mineral phase (e. g., columbotantalite 
and pyrochlore) (Cerny & Ercit, 1989). Bonjour & Dabbard (1991), during a study of 
the Nb / Ti ratios of sediments of the Arniorican Massif in northwestern France, 
recognised a broad correlation between Ti and Nb. They concluded that Nb 
concentrations were controlled by the abundance of rutile, the main Ti bearing detrital 
mineral in sediments of the Armorican Massif Zircon is also known to contain non- 
negligible amounts of both Ti and Nb (Deere et aL, 1965; Gornitz and Warde, 1972) 
and Ti-Zr substitution has been reported in rutile (Erlank et al., 1978). Figure 7.8 
illustrates the relationships between Zr-Nb-Ti for samples from the Hampshire Basin 
area. As can be seen from Figure 6.8 there is only a poor correlation between 
Zr- Nb and T'02-Nb (0.5613 and 0.5003 respectively). However, a good correlation 
coefficient is achieved for the Zr vs T'02 Plot (0.9297). Care must be taken when 
interpreting these correlation coefficients, Degens (1965) found that the bulk of 
titanium in sediments was incorporated in the clay fraction. Where its presence is 
explained by the interaction of clay minerals with amorphous or finely dispersed 
crystalline titanium oxide or titanium dioxide hydrate released during weathering. The 
decrease in the clay-size particle content of the Hampshire Basin was reported in 
earlier in this report, so it is possible that the correlation between Zr-TiO2 is the result 
of or partially the result of a decrease in the clay content. What is clear from this 
analysis is that no one mineral phase is solely responsible for the trends in Zr, T'02 
and Nb. 
The greater variation in the copper (Cu), rubidium, (Rb), vanadium (V) and 
chromium (Cr) content of the Devon & Dorset samples can be explained by 
considering some earlier research. Durrance (19 84) investigated the uranium content 
of the New Red Sandstone, during this work concentrations of heavy metals were 
reported. 
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Hawkes (1974) noted the enrichment in copper, arsenic, chromium, nickeL 
vanadium and uranium and proposed an exogenous source for their solutions and 
emplacement via hydrothermal fluid percolation. Therefore, the large variations 
observed within the Devon and Dorset area are interpreted as the result of a post- 
depositional mixing process introducing these elements into the brickearth. 
Variations in the Zr content of the southwestern group may be associated with 
the nature of the underlying igneous complex, zircon occurs as a primary constituent 
of igneous rocks, especially the more acid varieties. The lowest values recorded for 
Zr in the southwestern sample set were from sites where the underlying lithology was 
serpentine, an ultra-basic igneous rock. Similarly the trend in Cr reflects the nature 
and proximity of the sample site to ultra-basic bedrock. Cr in the form of chromite 
(FeCr4O4)occurs as a priniary mineral in ultra-basic igneous rocks, peridotites, and 
their modifications, serpentine, which outcrops on the Lizard Peninsular in southern 
Cornwall. The northerly decrease in Ni is also associated with moving away from the 
source of this element. Kupfernickel (NiAs) is associated with hydrothermal veins and 
has been mined in many of the mines in southern Cornwall. 
7.4.2 The Bulk Geochernical Composition and Provenance 
The use of Ti/Nb ratios as an indicator of provenance was discussed by 
Bonjour& Dabard (199 1). They successfully showed how variations in this ratio 
could be used to classify rocks of the Armorican Massif. However, as we have 
discussed in the previous section, much of the titanium and niobium. in the brickearth 
has been introduced during periods of enrichment. Therefore, the use of this ratio 
would not help us determine the source of the vast majority of the material. Gallet et 
aL, (1998) demonstrated that the geochemistry of loessic materials from several 
locations around the world showed geochernical compositions that fell into the field 
between shale and sandstone. Figure 7.9 shows the plot of Na2O/AI20, vs 
K20/AI203, included in this plot are those of the brickearth from the sample sites 
visited during this researclL The irregular thick shaded fine is the lower limit of most 
igneous rock compositions (Garrels and Mackenzie, 1971). All shaly rocks regardless 
of their age or degree of metamorphism, are distinctly lower in Na2O/A]203 than any 
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of the igneous rocks, because alteration of igneous rocks to sedimentary rocks 
involves the formation of clays and carbonate minerals and the removal of Na into the 
oceans, and the retention of K in shales. All the samples, both from 
Gallet et al (1998) and from the current research fall in the field occupied by 
sedimentary rocks. Given the popular hypothesis that the origin of loess particles is in 
part associated with glacial grinding of continental rocks (Smalley, 1966), and the 
directional trends identified in this research, a Scandinavian source for the material is 
most likely. Bedrock in northern Europe, as exemplified by those of Scandinavia, 
could be igneous or meta-igneous rocks. However, in Figure 7.9 no loess deposits 
with igneous geochernical signatures were identified. Gallet et aL (1998) used this as 
evidence that at least one period of sedimentary differentiation must have taken place 
in the material's history or it is derived from sedimentary rocks. As was discussed in 
the section concerning the formation of quartz silt particles, fluvial comminution 
proved to be one of the best methods to produce silt. Therefore, by necessitation the 
very act of producing the silt involves a process of differentiation, as of course does 
the transportation of the material. 
Another important observation that can be made from Figure 7.9 is the 
relative position of the brickearth samples from the current research. The brickearth 
plots in the area below the igneous base line and to the left of the shale trend line. In 
this area the samples are exhibiting decreased values for both Na2O/A1203 and 
K, O/A1203. When the major elements concentrations of the brickearth are compared 
to those of the samples that formed the basis of Gallet et aL 's work two important 
observations can be made. The A1,03 content of the brickearth is very similar to the 
range of values recorded for the worldwide group. However, both the Na2O and the 
K20 values are lower. It is these reduced concentrations that cause the brickearth 
samples to plot away from the bulk of the other data points in Figure 7.9. 
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7.4.3 Weathering and Brickearth Composition 
For a given area the "average" degree of cherr&al weathering of surficial 
rocks (and soils) is mainly controlled by climatic and tectonic conditions. The degree 
of weathering in the loess source area may profoundly affect the final mineral and 
chemical composition of the material. The most widely used index used to describe 
weathering is the chemical index of alteration (CIA) (Nesbitt & Young, 1982) and is 
given in molecular form by the equation: 
CM - 
A1203 
x 100 (7.1) 
[ 
(A12 03 + CaO* + N62 0+ K2 0). 
Where CaO* is the amount of CaO in the silicate fraction 
CIA values of about 45-55 indicate virtually no weathering (the average upper 
crust has a CIA of about 47), whereas values of 100 indicate intense weathering with 
complete removal of the alkali and alkaline earth elements. In the above formulation it 
is necessary to undertake a correction to the measured CaO content for the presence 
of Ca in carbonates (calcite, dolornite) and phosphates (apatite). This generally is 
accompahed by calculating corrections from measured CO, and P205 contents. As no 
CO, data was av"able it was necessary to carry out the procedure recommended by 
McClennan (1993) which consists of an approximate correction based on the 
phosphate (P0205) content of the material. Table 7.8 shows a set of sample 
calculations used to determine the molecular proportions of a brickearth sample, a 
complete set of CIA values are show in table 7.9. 
mass/ I OOg (g) molecular weight of 
lmol (g) 
mols /I Oog 
A1203 12.62 54+48-102 0.124 
0.23 40 + 16 = 56 0.004 
Na2O 0.48 46 + 16 = 62 0.008 
K20 2.17 78 + 16 = 94 0.023 
P, O, 0.08 62+80-142 5.63E' 
Table 7.8 Examples of the calculations of the molecular proportions of a sample of 
brickearth 
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of between 62.6 and 84.5, although generally higher than the results of Gallet et aL 
(1998) they cover a similar range of values. CIA values of this order coincide with a 
qualitative description of moderately altered. If the mean CIA values of the 4 sampling 
domains are calculated only minor dfferences in the overall alteration state of the 
material are apparent (Table 7.10). 
Sampling area High LOW Mean 
Wealden 80.7 69.0 74.0 
Hampshire Basin 84.5 62.6 76.7 
Devon & Dorset 81.9 74.5 78.6 
Southwestern 82.6 69.4 73.9 
Table 7.10 Average brickearth CM 'values associated ulth the different sampling 
areas. 
These CIA values indicate a higher degree of alteration of the brickearth 
compared to other loessic deposits. If the Na2O concentrations are increased to values 
comparable to those analysed by Gallet et aL (199 8), both the CIA values and the 
position occupied by the brickearth on the Na2O/AI203vs K20/AI203pIot are directly 
comparable with loessic material from other countries. The cause of the lowering of 
Na, 20 concentrations of the brickearth are most likely the result of post-depositional 
processes. During weathering the formation of clay minerals leads to the removal of 
Na into the oceans, similarly any reworking in an aqueous regime could also lead to 
the leaching out of this soluble salt. 
7.4.4 Regional trends in the geochemistry 
To simplify the investigation of the trends reported in chapter 5 it proved 
usefid to divide the total data set into two groups: the eastern group; consisting of 
samples from the Wealden and the Hampshire Basin regions, and the western group; 
consisting of samples from the southwestern region which includes Devon & Dorset, 
Jersey and Brittany. This deviation from the previous 4 group scheme was used as the 
trends in the geochemical composition, reported in chapter 5, indicated that many of 
the compositional relationships crossed these artificially created zones that had been 
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previously introduced. 
7.4.4.1 The Eastern Group 
The trend associated with the zirconium, Zr, content of the Wealden 
brickearth illustrates a decrease in concentration from Pegwell Bay 
(NGR 636000 164150) to Oxted (NGR 539520 139520), implying a westerly move 
down track from the source of the Zr. This implies a source of this element must lie 
somewhere to the east of Pegwell Bay. Morton (1982) described the gradual variation 
in the mineral assemblage of the Thanet Sand Formation, from an essentially 
epidote-gamet-homblende assemblage to one dominated by zircon-rutile-tourmaline. 
The Thanet Sand Formation outcrops in eastern Kent (Figure 1.4), as well as areas 
that currently lie beneath the sea, off the Kent coast. Eden (1979) postulated 
a North Sea source for the loess of northeast Essex. Based on the reduction in the 
grain size of key heavy minerals within the deposit Eden (1979) suggests a source 
zone to the northeast in an area close to the Dogger Bank. 
At Arundel (NGR 501320 105480), the easternmost site in Sussex, an 
increase in the Zr content was observed compared to the content recorded at Oxted, 
which then decreased to a low at Barton on Sea (NGR 423850 092870). The 
geochemical analyses of different size fractions carried out on samples from both 
Arundel and Barton on Sea established that zircon at Arundel was associated with 
particles of between 63 and 75gm (fine sand), whilst those from Barton on Sea were 
largely to be found in the sub-63ýim (silt) group. This again implies down track 
movement in a westerly direction away from source, as well as indicating an episode 
of enrichment of the westerly moving sediment body, from a site that lies between 
Oxted and Arundel. Figures 2.1 and 2.5 show that outcropping between these two 
locations there are units of the Thanet Sand Formation, Lower Greensand Formation, 
Upper Greensand Formation and Weald Clay Formation. Both the Thanet Sand 
Formation and the Upper Greensand Formation are rich in detrital zircon. Le Riche 
(1977) analysed samples of both these lithologies: and found zirconium contents 4200 
and I 100 ppm, in the Thanet Sand and Upper Greensand Formations respectively. 
Therefore, the decrease in the Zr content of the Wealden and Hampshire Basin groups 
can be attributed to the preferential settling out of the heavier mineral phases, after the 
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material has undergone a period of enrichment, due to the entrainment from exposed 
strata. This process would have been enhanced by saltation of the larger grains which 
would have been too large to be entrained into the airborne sediment load. The larger 
particles would have moved along the ground surface for limited distances and will 
fiu-ther skew the distribution of the zircon (Figure 7.10). 
In many of the areas the brickearth lies directly above deposits of Tertiary 
sands and hence the variations in Zr could be the direct result of post-depositional 
reworking. However, there is strong evidence to contradict this, if the Zr was 
introduced by reworking then as the sand-size particle content increased so would the 
zircon content. A plot of zirconium content against sand-size particle content clearly 
shows the inverse of this to be the case (Figure 7.11) adding fixther weight to the 
hypothesis that the Zr is introduced from outside the sampling area. 
The trend in the TiO2 content like that of the Zr was found to decrease from 
east to west within the Hampshire Basin area but within the Wealden area there was 
no discernable trend. From the analysis of samples of the Upper Greensand and 
Thanet Sand Formations, Le Riche (1977) determined concentrations of TiO. of up to 
2600ppm and 7600ppm respectively. In an analysis of the non-opaque heavy mineral 
composition of the Thanet Sand Formation, the rutile content of the samples ranged 
from between 0.5 to 10.5% (Morton, 1982). -The similarity in the trends of zirconium, 
titanium and niobium. agrees with the findings of Morton (1982) and the change in the 
composition of the Thanet Sand Formation to one dominated by a zircon-rutile- 
tourmaline assemblage. Again the influence of the local Tertiary Sands can be 
discounted by considering the inverse relationship between the sand content and the 
Nb and Zr content. 
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Figure 7.10 Increased skewness of the zirconium content due to saltation of heavier 
zirconium mineral phases 
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74.4.2 The Western Group 
The western group consists of the samples from Devon, Dorset and 
Cornwall as well as samples from Jersey, C. I. and Brittany, northern France. The 
compositional trends in this group show a change direction from those recorded in the 
western group (Figure 7.7). The large variations seen in some elements of the Devon 
& Dorset samples are associated with the post-depositional inclusion of the underlying 
strata. The presence of a yellow silt layer overlying the Permian Breccia in the Torbay 
area was observed by Cattell (1997). Harrod et al. (1973) considered these soils to 
contain a significant amount of wind-blown material with a small percentage of the 
coarser material derived from local sources. Cattel (1997) stated, based on its grain 
size distribution, its low plasticity and its mineralogy, that the yellow silt soil of the 
Torbay area was fundamentally aeolian in origin with a small fraction of the coarser 
material locally derived. The decrease in the presence of permafrost features in the 
Devon and Dorset area is interpreted as evidence of the increasing importance of 
post-depositional inclusion, within the aeolian silt, of locally derived material. 
The loess from Cornwall was first considered as an in-situ weathering 
product of the serpentine bedrock. It was not until the work of Coombe et eL (1956) 
who carried out a study of the mineralogy of the material, that it became apparent that 
it could not be explained as purely a weathering product of the underlying bedrock. 
However, subsequently they proposed the Hercynian Granite as the source for this 
material. This was proposed despite the presence of significant amounts of microcline, 
a mineral that is very rare in these granites. This 'minor difficulty' should lead to a 
different source for this material being sought. 
The term Lizard Loess was introduced by Roberts (1984) and a 
holostratotype on Goonhilly Downs (NGRI 75350 019500) described. Catt & Staines 
(1982) recogriised the concentration of the loess in the lee of high ground and from 
this tentatively derived a source to the N-NW in the Irish Sea basin. With a north 
westerly palaeowind direction, it is hard to derive a source for the silt material. 
Although, Ireland was glaciated during the Middle/Late Midlandian (50ka- I Oka BP 
(Late Devensian), unlike the North Sea no extensive glacial outwash plane existed, to 
the southeast of Ireland during this period. Devoy (1985 ) argues on the grounds of 
faunal evidence that no land bridge ever existed between Britain and Ireland during the 
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Devensian/Midlandian and uses the tills of north Cornwall and the Isles of Scilly as 
evidence of a Celtic Sea ice lobe. 
The paleogeographical evidence, the overall fining of the modal particle size 
and the presence of exotic mineral species i. e. microcline, are consistent with a single 
source for the brickearth of southern England. Unlike the Hampshire Basin, the 
exposed surface during the Devensian would not have consisted of Tertiary sands, but 
more likely to have been the clay weathering products of the igneous and 
metamorphic complex. Again the work of Hutchinson & Thomas-Betts (1990) shows 
a higher thermal flux over the southwestern igneous complex (Fig 7.6), as in the 
Hampshire Basin this would have impeded the saltation and deflation of the upwind 
materials. Any variations in the specific elemental content are therefore more likely to 
be a result of post-depositional processes, than the deflation and inclusion of distal 
material into the airborne sediment flux. 
The geomorphological evidence cited by Catt & Staines (1982), who 
interpret the greater abundance of loessic deposits to the south of high ground as 
indicative of deposition in the lee of this topographic barrier, is unsound. Pye (1996) 
describes the affects of different surface and topographic features and demonstrates 
how entrained dust is deposited on the windward side of such obstacles (Fig 7.4). In 
his investigation into the magnetic fabric of some of the Cornish loess, Butcher (1988) 
suggests that they have undergone solifluction from the high ground in the north of 
the area. These processes would ultimately lead to an accumulation of the material to 
the south of the high ground as was noted by Catt & Staines (1982). 
7.4.5 Conclusions from the geochemical trends and variations 
The evidence from the geochernical analyses strongly suggests that in the 
eastern region, to the east of Arundel the deflation/saltation and inclusion into to the 
sediment flux, and subsequent preferential settlement, is the prime cause of the 
observed trends. A gradual change of envirom-nent, from one of primarily tundra 
conditions to a more oceanic situation, effectively halted deflation of the finer grained 
material and reduced the saltation of the exposed sands across the Hampshire Basin. 
In Devon and Dorset the deposition of silt still occurred and possibly some saltation, 
but now the post-depositional inclusion of locally derived heavy minerals is the 
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primary cause for the elemental variations. Similarly in Cornwall the elemental trends 
can be traced to the underlying geology. Although limited saltation may have occurred 
it appears to be on a more localised scale. 
There seems little hope, due to these processes and the post-depositional 
modification, of ever being able to successfully attribute the brickearth to a particular 
parent material. However, the evidence discussed earlier should at least help enable us 
to understand the provenance and processes that have affected the brickearth of 
southern England. 
7.5 The Continental European Perspective 
To gain an overall picture of the conditions within continental Europe during 
the Devensian / Weichselian a review of the proposed provenance of other aeolian 
deposits will be undertaken in this section. These deposits include cover sands form 
central Europe and Scandinavia as well as loess from other areas of northwestern 
Europe 
Bowler (1978) suggests that prior to the Late Weichselian glacial maximum 
a world-wide change from wet to dry conditions occurred and considers the time span 
between 25 to l4ka BP as a "global dust phase"i. e. a period of intensified aeolian 
activity. In Bowler's model the global ice volume increase changed the atmospheric 
circulation and led to the strengthening of glacial age winds on both low and high 
latitudes. In the Weichselian periglacial environment the protective capacity of the 
vegetation was low (Schwan, 1987) and under these conditions an increase in mean 
wind strength may have been enough to disrupt the stable sandy top soil. A different 
view of Weichselian climate evolution was proposed by Flohn (1983). He suggested 
that at glacial maximum around l8ka BP, a shift from ice-growth to ice-decay took 
place. As a result of this change cold meltwater- and sea-ice area in the northern 
Atlantic expanded to approximately 44N. This resulted in reduced sea water 
evaporation, world-wide aridity during the period from 18 to l3ka. BP, weakening of 
cyclonic activity over the northern Atlantic and increased atmospheric circulation at 
lower latitudes. Therefore, at higher latitudes aridity rather than increased wind 
activity would be the major cause for a change from a largely fluviatile to aeolian 
depositional environment. 
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Information on the palaeoclimatic conditions, of the Late 
Devensian/Weichselian, that has been derived from studying the contemporaneous 
deposits of continental Europe, is not widely documented. Schwann (1986) states that 
this dearth of published data is to be expected as in western Europe aeolian deposits 
of this age generally have a level or undulating surface topography and are to a large 
extent covered by younger materials. However, of the data available certain 
directional trends appear to dominate the transport and deposition of the continental 
aeolian deposits. 
Work by Jorgensen (1988) on two TL-dated deflation surfaces in Hobro and 
Oster Doense in northern Jutland, Denmark showed that the orientations of all the 
unmistakable wind facets to be easterly to north-easterly. These two deflation 
surfaces, covered by fine-grained well sorted sands, interpreted as aeolian in origin, 
had a TL-date of 17.7 ±2 ka BP and 30 ±4 ka BP. Hillefors (1969) reported 
evidence of easterly wind directions in an Early and Middle Weichselian interstadial at 
G6teborg, Sweden. LiIjequist (1974) and Lambe & Woodroffe (1970) suggest that 
generally easterly wind directions can be expected along the southern border of a large 
Scandinavian ice cap. Johnsson (1984) found that easterly wind directions also 
prevailed during the Late Weichselian in Sk5ne, southern Sweden. 
Schytler, 1995 carried out a survey of ventifacts in southern Sweden the 
results from this survey showed that easterly winds were predominant during their 
formation. The optimum conditions for the formation of ventifacts, occurs in arctic 
desert environments where an incomplete vegetation cover and skeletal soils exist. 
Schyder (1995) suggests that these condition existed in westernmost Denmark during 
the earliest phases of deglaciation from about l5ka BP and in southern Sweden from 
about 13.5 to 12.7ka BP. 
Haest (1985) describes the deposition of sandy loess in Beerse Dam, 
Belgium and dates the material between 42 and 38ka BP. A similar silt loam 
depositional event took place in eastern Belgium at Rocourt between 42.5 and 38ka 
BP (Wintle, 1987). The accumulation of sand sheets in northern areas of Europe such 
as Denmark whilst silt deposition was taking place in the more southerly areas i. e. 
Belgium suggests that a northerly component was responsible for the along track 
sorting of these aeolian deposits from sand to silt. In general the evidence from 
Europe indicates northeasterly to easterly winds being dominant during certain 
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depositional phases of the Weichselian. However, there is some evidence mainly in the 
form of dune morphology that indicates phases of sand deposition from a westerly 
wind regime (Koster, 1988). No dating was carried out on the locations studied and 
many of the sites were termed as "active"', so it is likely that many of the wind 
directions derived from these features are in fact Flandrian and postdate the episodes 
that are of interest in determining the provenance of the brickearth of southern 
England. 
7.6 The Single Source Provenance Model 
All the different strands of evidence that have been discussed in earlier 
chapters of this thesis can now be brought together to help in forming a provenance 
model for the brickearth of southern England (Figure 7.12). 
Initially the geochemical evidence offers the most valuable insight into the 
provenance of the brickearth. The similarity in the geochemistry of all the samples of 
brickearth testedý suggest a common source for much of the constituent material of 
the brickearth. The log-ratio covariances reflect this similarity but highlight a greater 
variability in the southwestern group. An Irish Sea ice source for the southwestern 
brickearth seems unlikely in light of the evidence described earlier, principally the lack 
of any pro-glacial outwash plain. Allied to these data are the geochemical trend 
analyses which have highlighted directional influences that have affected certain 
elemental concentrations. 
Previous dating of samples of brickearth from across the study area has 
shown the material to be associated with the cold episodes of the Quaternary epoch. 
Furthermore, with one exception the material has dated as Late Devensian. Research 
has shown that anticyclonic conditions occur above ice masses (Grahmann, 1932; 
Lambe & Woodroffe, 1970). Such an anticyclone and the associated wind circulation 
would have created an easterly wind regime across northern Europe and southern 
Britain. 
The source of the silt-sized material that comprises the greatest fraction of 
loessic material has been interpreted as the product of glacial grinding (Smalley 1966). 
However, recent laboratory studies suggest that this single process would not produce 
the large amount of material required to form extensive loessic deposits 
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(Haldorsen, 198 1; Wright et al., 1998). Similarly none of the other processes which 
are known to produce silt-size particles are thought to be able solely to produce the 
required quantity of material. Pye (1989) observed that weathering prior to inclusion 
in the sub-glacial sediment load. This and a combination of glacial grinding and fluvial 
comminution, as the material is transported in a high energy environment and 
deposited on the outwash plain are the most likely processes producing the silt. 
Deflation and entrainment by the easterly winds, associated with the anticyclonic 
conditions, cause the material to undergo further attrition as the winds carry them 
across southern England and northern France. This silt laden wind causes the saltation 
of exposed Mesozoic strata, to the east of Kent leading to enrichment in some heavy 
mineral phases. The preferential settling of these heavier phases creates linear trends in 
the brickearth, a second phase of enrichment occurred to the east of Arundel and the 
settlement process is repeated. A gradual increase in the geothermal flux in the 
Hampshire basin and a gradual change from environment to an oceanic climate 
prevents the deflation of fine particles. Although limited saltation continues leading to 
an increase in sand at Barton on Sea. 
Further to the west at Portland where the zirconium content of the material 
begins to increase, another source of this element must exist. During the Late 
Devensian the English Channel was the main drainage river course for much of 
northern Europe. Into this drainage system flowed many major rivers and associated 
fluvially transported sediment. Research by Headley-Clarke (1970) describes intertidal 
muds and glauconitic sand dunes, which were deposited along margins of the now 
submerged extension of the Exe river channel. Therefore, it is safe to assume that 
similar deposits existed along the channels of some or all of the other rivers during this 
period. Clockwise circulation around the anticyclone would require the wind direction 
to change in the western areas of southern England. In this area the wind would begin 
to veer to a northerly direction and blow across the channel drainage system. Some 
deflation, possibly seasonal, of this material may have been occurring, although now a 
greater importance must be placed on the inclusion locally derived materials during 
post-depositional mixing. 
With this model the linear relationships seen in the Hampshire Basin 
brickearth will not be seen as clearly in the southwestern brickearth. This is largely due 
to the variations in the underlying geology, evidenced in Cornwall by a decrease in Ni 
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and Cr as you move away from the ultra-basic deposits of southern Cornwall. 
7.7 Post-Depositional Processes 
It is clear that the brickearth has undergone some post-depositional 
reworking. Butcher (1988) carried out a study of loessic deposits using magnetic 
anisotropy techniques. Utilising this technique Butcher revealed that samples of 
eastern Kent had undergone a process of downslope movement from the higher 
ground to the north. Further evidence of post-depositional reworking can be found in 
both the Kent & Surrey and the Hampshire & Sussex groups in the form of the 
inclusion within the material of laterally extensive stringers of fine to medium chalk 
and flint gravel. Whether these processes are fluvial or the result of solifluction is 
unclear, although there are several strands of evidence which may clarify the situation. 
Looking at the elemental trends within the different groups allows us to postulate that 
no extensive fluvial transport regime has affected the material, as this would have 
served to sort the material and effectively destroyed the trends that are apparent in 
the brickearth. Downslope movement, solifluction or gelifluction, would have taken 
place from the high ground to lower ground under gravitational forces. Generally 
within the study area the high ground is to the north of the sample sites. Therefore, 
downslope processes would be acting perpendicular to the general direction of 
transportation. This would have meant that these processes would not have destroyed 
the geochernical trends that have been identified. Within the western group it seems 
likely that the predominant process would have been mixing with the underlying 
material as evidenced in Devon by the increase in Cr, V, and Cu which are common 
elements within the New Red Sandstone. A final consideration for the increased 
importance of locally derived materials in the southwestern group is the lower activity 
of the samples from the Cornish area. This lower activity is consistent with an increase 
in kaolinite, which is the residual weathering product with the southwestern granites. 
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Chapter 8 Summary of Conclusions and 
RecommendationsfOr Further 
Research 
8.1 Introduction 
The research presented in the previous chapters of this thesis has concentrated 
on two of the problems associated with the extensive Quaternary silt-dominated 
materials of southern England. Conclusions in the form of a provenance model and an 
appraisal, including descriptions of possible causes of the metastability, have been 
dealt with, in chapters 6 and 7 of this thesis. In this, the final chapter, a summary of 
these conclusions will be presented along with recommendations for ftwther study. 
81 Conclusions Concerning the Provenance of the Loessic Deposits of 
Southern England 
8.2.1 Transportation and reworking 
From the different test procedures and analyses carried during this research 
there is much evidence to suggest an aeolian origin for the dominant silt fi-action of 
the material. The most compelling of this evidence are the grain-size dependent 
differences in the grain-surface morphologies of the constituent quartz particles. 
Particles finer than 200pan exhibited surface textures that are almost exclusively 
associated with an aeolian transport environment (Plates 5.1 and 5.2), whilst, grains 
larger than 200ýun displayed surficial textures associated with a fluvial origin (Plates 
5.3 and 5.4). This size-dependent dichotomy in the grain morphology suggests that 
the larger grains have been included into the brickearth during an early diagenetic 
phase of reworking, or have been introduced during the final phase of transportation 
as saltated sand-size particles. Evidence of the post-depositional reworking of the 
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brickearth can be seen at many of the sites across the whole of the study area in the 
form of laterally extensive stringers of fine to coarse quartz gravel. This suggests that 
the vast majority of the brickearth of southern England is reworked loessic material. 
Vilith this in mind the subject of nomenclature for these deposits must be 
addressedL As was mentioned earlier the use of the term brickearth is misleading as 
this generic term can be used to describe any fine-grained material that has been used 
in the manufacture of bricks. This wilI obviously lead to many materials of different 
ages and depositional histories being classified under this term. This research has 
shown that the majority of the constituent materials that form the Quaternary silt-rich 
deposits are of aeolian origin, and the deposits of different areas conform to INQUA 
loess commissions definitions of loessic deposits. The term loam has been used in 
other disciplines within Quaternary research. This term is equally unsuitable as the 
term brickearth. Collins Geological Dictionary (1998) defines loam as any soil. with 
equal proportions of sand, silt and clay, clearly not the case for the material discussed 
in this research. Therefore, it is strongly recommended that the term loess is used, and 
wiH be for the remainder of this research, when describing these aeolian deposits of 
southern England. 
'8.2.2 The Provenance of the loess of southern England 
The evidence for the source of the loess is Oficult to interpret, largely due to 
the effect that post-depositional. reworking has had on both the mineralogy and 
geochemistry of the material. The overall similarity in the geochemistry of the 
material does suggest a single source for the material. Trends in certain of the major 
and trace elements can be used to define a direction of transportation, in the case of 
loess a wind direction. These directions generally have an easterly component to 
them, ranging from east-west in the Wealden Basin and Hampshire Basin areas but 
veering to a southeast to northwest direction in the southwestern area. This is 
consistent with a Scandinavian ice sheet source for the rmterial. 
These observed trends are believed to be a result of the preferential settling 
out o4 one or a combination ot locally derived heavy mineral phases, principally 
zircon, rutile and ilmenite. Periodic enrichment from exposed Tertiary strata, of the 
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airborne sediment mass during transportation, in particular the Tbanet Sand 
Formation and the Upper Greensand Formation leading to the deflation of these 
minerals. This produces a higher concentration close to the source of enrichment and 
a gradual decrease in the concentration downwind from the source. Given this 
evidence, and the data in the form of variations in the granulometric composition, a 
single source model has been developed. 
To attribute the material to a specific rock type on the basis of geochemical 
evidence has proved to be, and is likely to remain, extremely difficult given the 
extensive post-depositional reworking and the inclusion of locally derived materials 
into the loess. However, it is not unreasonable to conclude that much of the material 
is derived from the then exposed North Sea floor which had been deposited there as 
a result of Scandinavian glaciation. 
83 Further Research to Clarify the Provenance of the Loessic Deposits of 
Southern England 
The provenance model for the loessic deposits of southern England is based 
upon spatial trends identified in both the grain-size and in certain of the major and 
trace elements of the material. Wahin the Hampshire Basin group of samples, the 
density of the sampling data points allowed a rigorous statistical evaluation of these 
variations to be undertaken. In the other three areas, that comprised the study area, 
insufficient sampling data points, precluded the final step in the statistical analyses. 
Therefore, it is necessary for further sampling to be carried out to confirm the 
findings of this work. As suggested in earlier chapters of this work it is very unlikely 
that any mineralogical or geochemical links could be made with the possible source 
rocks. However, rare earth element (REE) fingerprinting has been used to compare 
the Tibetan loess and the sediments of the western loess plateau (Clarke, 1995). REE 
abundance is related to mineralogy and particle size, with the > 63ýlrn fractions 
containing less MREE than the finer fractions with the majority of IREE held in 
particles <20mm (Wen et aL, 1985). This being the case then the inclusion of locally 
derived sands into the loess of southern England should have only a limited effect on 
the REE chemistry of the material. Comparison of the REE distribution pattern with 
300 
those from potential source areas may help to pinpoint the origin of much of the 
rnateriaL 
8.4 Conclusions Drawn from the Geotechnical Research 
The geotechnical testing programme enabled the metastable behaviour of the 
loess to be investigated, allowing this process to be more My understood. It has 
highlighted the importance of the initial moisture content in determining the mode of 
behaviour exhibited upon innundation with deionised water. In the case of the 
Portsmouth loess the testing shows that the contribution to the overall shear strength 
of the material by the matric suction, induced in the soil when unsaturated, is the key 
parameter controlling the collapse behaviour of the brickearth. This magnitude of the 
matric suction was determined using both empirical relationships and by laboratory 
experimentation. These results have allowed a deterministic chart to be developed to 
predict the behaviour of the Portsmouth loess based on its moisture content and the 
applied normal stress. 
8.5 Further Research to Quantify the Metastability of the Loessic Deposits of 
Southern England 
Central to the understanding of the behaviour of unsaturated soils is the Sofl- 
Water Characteristic Curve (SWCC). Typical curves for a fme-sand and a silt are 
shown in Figure 8.1, indicating that an increase in the mean particle size causes a 
reduction in the matric suction. Therefore, compositional variations in the loess of 
southern England may lead to changes in the magnitude of the matric suction and 
hence variations in the shear strength of the material. 
One other parameter of the loess wiU also need to be considered before a 
predictive model can be developed to classify the collapsibility of all loessic deposits 
throughout the study area. The amount and type of clay mineral within the loess 
should also have some effect on the behavioural characteristics of the loess. It may be 
i possible to introduce this into the proposed model in the form of the activity index. 
Figure 4.23 shows the activity index plot for the samples tested during this research, 
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it shows that two different clay mineralogies are present in the southern England 
samples, the samples from the Wealden Basin and the Hampshire Basin areas fo 
one group whilst the southwestern samples form the other group with a lower 
activity. It is possible therefore, that within the first group (Hampshire Basin and 
Wealden Basin) variations in collapse potential will be a purely a result of changes in 
particle size composition. To verify this hypothesis will require extensive laboratory 
testing of samples from across southern England following the same methodology 
used to evaluate the metastability of the Portsmouth loess (chapter 6). 
8.6 Further Research into The Post-depositional Processes and the 
Loessification of the Mateiial 
Much of the loess of southern England has undergone extensive post-depositional 
reworking. This can be evidenced by the presence of quartz andflint gravel stringers 
in the samples from both the Hampshire Basin and the Wealden areas, as well as the 
magnetic anisotropy work of Butcher (1988). Given this extensive evidence of 
reworking, and that in samples of Portsmouth loess an open structure was recognised 
prior to oedometer testing, there must be a process which can affect the structure of 
the material and cause a de-densification of these loessic deposits. More research to 
is required to understand the processes that may cause this de-densification of the 
sediment. A possible starting point may be to investigate the effect of freezing of the 
soil and the subsequent ice crystal growth within the interstices of the material, and 
upon thawing whether the loess colIapse or whether it maintains an open structure. 
In conclusion this research has answered some of the questions concerning the 
loessic deposits of southern England. However, it has also highlighted many areas 
where more research is required to enable the true nature of the material to be 
discovered and help to develop a comprehensive understanding of these deposits. 
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